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ABSTRACT

This repo_ contains a design calculation procedure and a

Fortran H computer program for synchronous, wound-pole,

salient-pole generators.

In addition, it contains the design calculation procedure

for Lundell generators.

Losses in solid pole faces and the design limits imposed

by them are discussed.

Lundell generators have limits of stator length to rotor

diameter that cannot be profitably exceeded. These are

discussed.

A brief discussion of the motor starting characteristics

of salient pole generators is included.
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INTRODUCTION AND SUMMARY

Introduction

This report is submitted by The Power Equipment Division of Lear Siegler

Corporation as the second part of a study of brushless rotating electrical

generators. The work was accomplished during the period October 26 to

January 26.

Summary

Purpose and Objectives

The objective of this study is a report that will help to select the proper

brushless generator for a specific application and provide a computer pro-

gram to calculate the performance of the selected generator design.

To provide a basis for properly evaluating the different generator types,

design calculation procedures and computer programs are being provided

for those that appear most suitable. From these programs parametric

curves -_ ^.._-.._--_ • ...._h_ ..av. v._._ ._. szze, ._.,_..._ speed as well as _¢¢_-_........ _._

readily obtained.

The final reports will be two topical reports:

le General Selection Criteria and Mechanical Analysis

of all Generator Types Studied.

. Electrical Calculations and Evaluation of all genera-

tor types studied.

In the first quarterly report, a statement was made to the effect that each

succeeding report would contain all material contained in preceding reports.

This has been changed and now only the final reports will contain all of the

previously published reports. When Bell programs are rewritten in Fortran,

only the Fortran programs will be included in the final report.
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THE WOUND-POLE_ SALIENT-POLE_ A. C. GENERATOR
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The salient-pole, synchronous generator with wound poles is the standard

generator of the electrical industry. It has the highest electrical power out-

put per pound per rpm of any practical electrical generator presently known.

Because of its wide spread use and its superiority, all other types of elec-

trical generators are compared to the wound-pole, salient-pole synchronous

generator.

It is used on both aircraft and utility systems almost to the exclusion of any

other types except non-salient pole, wound rotor, generators (or turbine

generators) which are used with 1800 rpm and 3600 rpm steam turbines in

central station _nerating plants.

In addition to its use as an electrical generator, the salient-pole, wound-

Pole, 'machine makes the best synchronous motor known. The pole heads

can be designed with cage windings so that the machine can start a substan-

tial load as an induction motor. The cage windings can be made double to

give good _*_-_'_ "'_'_"_ _a gnna pu11-in r.haracteristics

Within its usable range, the wound-pole synchronous generator has no equal,

but its range of usefulness is limited. Its maximum rotor peripheral speed

is low because of the field windings supported by the poles and the high

stresses resulting from the centrifugal loads. Its output frequency is low

because the possible number of poles is restricted by electrical and mechan-

ical limits due to the field windings, pole construction and the need for having

at least one slot/phase/pole in the stator. Its maximum operating tempera-

ture is about 600 ° F for the copper and insulation on the rotor and 350 ° F

for the rotating (silicon) rectifiers.



These thermal limits, plus the silicon rectifiers' susceptibility to radiation

damage, have forced the need for other more rugged types of generators all

of which are heavier, on a KVA/revolution basis, than the old standby

wound-pole, salient-pole machine.

It is well to remember that within its application range, no other type of

a-c generator can compare with the wound-pole, salient-pole machine and

_+ should be used whenever _oo_1_
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The Wound Pole, Salient Pole A.C. Generator section of the First Quarterly

Report has been reassembled and rewritten 'for this Second Quarterly Report.

The design manual' and equations are now presented as one document. The

computer program has been rewritten in the Fortran computer language using

the fixed decimal system on the input and output sheets. The complete package

is called "The Salient Pole Computer Design Manual".

This Computer Design Manual in its entirety contains the following:

1. A numbered series of definitions and equations forming

the body of the design calculations.

2. A list of numbered symbols.

3. A collection of tables, graphs and figures that are necessary

in preparing an input sheet.

4. Standard magnetization curves.

5. An input and output computer design sheet.

6. A complete list of Fortran symbols.

7. A complete list of Fortran equations.

Design Procedure

This computer program is an analysis procedure. In an analysis procedure,

all of the machine dimensions and winding specifications are given in addition

to the rating. With all of this information given, the computer calculates the

performance of the machine.

A generator design starts with the input sheet. All of the information that has

been gathered on the generator in question is recorded on the input sheet. The

inputs listed on the input sheet follow the sequence of the design manual cal-

culations sequer/tially except for a few isolated cases. Each input is identified

in three ways: (1) by a symbol, (2) by an explanation of each symbol, and (3)
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by an identification number which is bracketed in parenthesis. This identifica-

tion number or item number shows the location of the particular input in the

design manual. At each location in the design manual, a complete explanation

is given for each symbol in question along with equatio_where they apply.

For example, given on the input sheet is (4) EpH phase volts. If there is any

question by the designers as to just what is meant by phase volts or how is it

calculated, he need only to look up item (4) in the design manual. Item (4)

gives the following explanation:

For three phase delta connected generators

(Line Volts) .. (3_/)
EpH = vY

For three phase wye connected generators

EpH = (Line Volts)= (3)

Each item, as shown in Item 4 above, has 3 parts:

.

2.

3.

A word definition explaining the item,

An equation using symbols,

An equation using the location for each symbol

a. When a number in an equation is bracketed by parenthesis

such as (3) in Item 4, it has no numerical value. It represents

the location of the symbol that is used in the equivalent equation

b. When a number such as _f3 in Item 4 is not bracketed by paren-

thesis, then it is a real number and must be used accordingly.

A few of the items on the input sheet can be either an input or an output. This

is useful where the designer wants better control of the design. By inserting

an adjusted number as an input, it may be possible for the designer to simulate

an actual known condition rather than accept the standard calculated answer.
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When the designer is satisfied that the existing or standard calculation satisfies

his condition, then he need only to insert a,zero (0), and the computer will do

the calculating.

A minimum number of rules must be followed in order to make a computer

design -

1.

2.

.

e

Fill out input sheet completely.

All whole numbers and zeros must be followed by a decimal point.

For example, if the number that is to be used on the input is either

1, 2, or 0, they must be inserted as 1., 2., or 0.. All decimal

numbers are accepted as is. That is, 1.4 should be entered as 1.4.

When a question arises about a particular input, refer back to the

location per the item number for a detailed explanation.

When a particular magnetization curve is to be used, the proper

code number, should be used as an input if the curve is available on

"card decks". The code number can be any number that is mutually

agreed on by the designers and the computer operators. The code

simply tells the operator which curve tu use.

When the curve does not exist on a "card deck", then the designer

must sdbmit on a separate sheet of paper, 29 points fromthe curve

that is to be used. These points are the ampere turns per inch for

each 5 units on the density scale, where the density scale is in
2

Kilolines per in . Start the first reading at 0 density.

Output Sheet

The output sheet is set up for the computer to type out the answers directly in

the spaces provided. The space is set up to accept 5 places to the left and

right of the decimal point. Single spacing is used on the vertical and regular

type spacing on the horizontal

Each item on the output sheet can be checked out by referring back to the item

number in the design manual in the same manner as outlined above for the input

data.
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SALIENT-POLE WOUND-POLE SYMBOLS

Calculation

Location

(78)

(46)

(89)

(85)
J

(2.0)

(128)

(125)

(140)

(163)

(127)

(89)

(76)

(22)

(76)

(22)

(15)

(22)

(22)

(22)

Symbol

A

a
c

acf

a
P

B

B
C

B
g

B
P

Bpl

B T

bbo

bbl

b h

• b °

b
P

b
S

b
V

b 2

b3

Explanation

Ampere conductors per inch of stator

periphery

Strand area (stator)

Field conductor area

Pole area

Density

Core density

Gap density

Pole density no load

Pole density full load

Tooth density

Width of slot opening (damper)

Width of rectangular slot (damper)

Pole head width

Width of slot opening (stator)

Pole body width

Stator slot dimension per Fig. 1

Width of duct

Stator slot dimensions per Fig. 1



Calculation

Location

(74)

(73)

(75)

(72)

(7i)

(32)

(12)

(11)

(35)

(lla)

(3)

(145)

(z68)

(4)

(55)

(56)

(130)

(131)

(16_)

(142)

(141)

(164)

(136)

Symbol

C
m

C
P

Cq

C
W

C 1

C

D

d

%
d

r

E

E F

EFFL

EpH

EFto p

EFbo t

F c

F
g

FFL

FNL

F
P

FpL

Fsc

Explanation

Demagnetizing factor

Average/maximum field form

Cross magnetization factor

Winding constant

Ratio max. to fund.

Parallel circuits

Stator outside diameter

Stator inside diameter

Diameter of bender pin

Rotor outside diameter

Line volts

Field volts no load

Field volts full load

Phase volts

Eddy factor top

Eddy factor bottom

Stator core ampere turns

Air gap ampere turns

Total ampere turns full load

Total ampere turns no load

Pole ampere turns at no load

Pole ampere turns at full load

Short circuit ampere turns
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Calculation
Location

(129)

(147)

(5a)

(89)

(59a)

(22)

(22)

(22)

(22)

(22)

(22)

(22)

(22)

(89)

(89)

(24)

(76)

(76)

(37)

(38)

(8)

(166)

Symbol

F t

F&W

f,

ge

gmax

h
0

h 1

h
S

ht
h

w j

.%o

h
C

hf

h h

hst
t

hst

IpH

IFFL

Explanation

Stator tooth ampere turns

Friction and windage

FrequencY

Effective air gap

Maximum air gap

Stator slot dimension

Height of slot opening

Rectangular bar thickness

Depth below slot

Pole head body

Pole head height

Uninsulated strand height

Distance between center line of strand

Phase current

Field amperes at full load

27



Calculation

Location

(143)

(146)

(158)

(9a)

tAq_

(18)

(44)

(67)

(42)

(2)

(151)

(19)

(AR_

(113)

(13)

(93)

(136)

(76)

(76)

(17)

(49)

(lOO)

(5)

Symbol

IFNL

I2RR

I2Rs

K c

K.
I

K
P

K s

KSK
KVA

K 1

k

T

u E

L F

/

/b

_e2

A

%

St

_tr

m

Explanation

Field amperes at no load

Rotor loss

Stator copper loss

Adjustment factor

A.2A_. A_2_LAUAA AC&_._Lur

Stacking factor

Pitch factor

Carter coefficient

Skew factor

Machine rating

Pole face loss factor

Watts per lb.

a'IAA%.4__,e'_L_AA_A%JAA %.#AA_ I,_.L AA

Field self inductance

Gross core length

Damper bar length

Coil extension straight portion

Pole head length

Pole body length

Solid core length

1/2 mean turn

Mean length of field turns

Number of phases
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Calculation

Location

(34)

(92)

(45)

(99)

(30)

(14)

(9)

(6)

(23)

(53)

(54)

(107).

(zos)

(137)

(47)

(144)

(133)

(134)

(135)

(132)

(149)

(172)

Symbol

Ns t

%
n

e

n
s

n
v

P.F.

P

Q

Rph (cold)

ah O ot)

RF (cold)

nf (hot),

SCR

S
S

sf

T a

!

T d

t!

T d
!

Tdo

W c

WDFL

Explanation

Strands per conductor

Number of damper bars

Effective conductors

Number of field turns

Number of ducts

Power factor

Number of poles

Number of slots

Stator 'resistance at 20°C

Stator resistance at X°C

Field resistance at 20 °C

Field resistance at X °C

Short circuit ratio

Stator current density

Field current density

Armature time constant

Transient time constant

Subtransient time constant

Open circuit time constant

Stator core loss

Damper loss at full load

29



Calculation
Location

(157)

(171)

(15o)

•(170)

(148)

(98a)

(79)

(81)

(82)

(83)

(119)

(12o)

(115)

(117)

(118)

(112)

(80)

(84)

(121)

(123)

(122)

(96)

Symbol

WDNL.

WpFL

WpNL

WTFL

WTNL

V
r

X

Xad

Xaq

X d
V

X d
ff

X,
U

XDd

XDq
!

Xdu

Xf

X_

X
q
f!

X
q

X o

X 2

X D °C

Explanation

Damper loss at no load

Pole face losses at full load

Pole face loss at no load

Stator tooth loss at full load

Stator tooth loss at no load

Peripheral speed of rotor

Reactance factor

Reactance direct axis

Reactance quadrature axis

Synchronous reactance direct axis

Stator transient reactance

Subtransient reactance direct axis

Leakage reactance direct axis

Leakage reactance quadrature axis

Unsaturated transient reactance

Field leakage reactance

Leakage

Synchronous reactance quadrature axis

Subtransient reactance quadrature axis

Zero sequence reactance

Negative sequence reactance

Expected damper bar °C

3O



Calculation

Location

(103)

(50)

(95)

(51)

14 t%A%

t_v_J

(138)

(160)

(126)

(139)

(162)

(124)

(94)

IA -_%

(26)

(27)

(40)

(70)

(63)

(86)

(62)

(88)

(87)

Symbol

xF°c

X S °C

2D

;s

_F

¢_

cJr

Cp

@PT

CPTL

_T

%

Tp

F's

Ts 1/s

")_sk

2_ a

?'E

2"eZ

2_s_

/xt_

Explanation

Expected field temp. in °C

Expected temp. stator in °C

Resistivity of damper bar at 20°C

Resistivity of stator cond at 20 °C

Resistivity of _l_u_'-'_ conductor

Leakage flux at no load

Leakage flux at full load

Flux per pole

Total flux per pole at no load

Total flux per pole at full load

Total flux

Damper bar pitch

Pole .......pIL_n

Slot pitch

Slot pitch I/3 distance from

narrowest point

Stator slot skew

Air gap permeance

End permeance

Pole end leakage permeance

Stator conductor permeance

Pole side leakage permeance

Pole tip leakage permeance
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MODEL

GENERATOR KVA

SALIENT POLE COMPUTER DESIGN (INPUT)
EWO DESIGNNO(l) /000- 0

-_0.0 /. 0/8 RATIO MAX TO MIN OF FUND

LINE VOLTS O,O WINDING CONSTANT

PHASE VOLTS" /ZO. O ,_5"0 POLE CONST.

END EXTENSION ONE TURN

POLES _o0

, _ DEMAGNETIZATION FACTOR

,$2 CROSS MAGNETIZING FACTOR

RPM _,_t_.O 1.975" POLE HEAD WIDTH

PHASE CURRENT _, _ _/Z_O POLE BODY WIDTH

POWER FACTOR .7_ . _06 POLE HEAD HEIGHT

ADJ. FACTOR /. o .97 _ POLE BODY HEIGHT

OPTIONAL LOAD POINT -_" ;.0

STATOR !.D. 7- ZJ _" 3,0 POLE HEAD LENGTH

STATOR O.D. _. 2.,_ ,_/ POLE EMBRACE

GROSS CORE LENGTH ._. 0 7,/_ ROTOR DIAMETER

NO. OF DUCTS O. 0 ,97 STACKING FACTOR (ROTOR)

WIDTH OF DUCT O. 0 (_qRv_) i_.0 ROTOR LAM. MTR'L.

STACKING FACTOR (STATOR) • _- 0 WEIGHT OF ROTOR IRON

POLE BODY LENGTH

STATORLAM. MTR'L.

WATTS/LB.

13.0 1,17

/_o .o¥o

POLE FACE LOSS FACTOR

WIDTH OF SLOT_OPENING

DENSITY 7_._

TYPE OF SLOT _., O

• 038 HEIGHT OF SLOT OPENING

• /_"(_ DAMPER BAR DIA. OR WIDTH

SLOT OPENING .0_ 0.0 RECTANGULAR BAR THICKNESS

SLOT WIDTH TOP O. 0 O, 0 RECTANGULAR SLOT WIDTH

O.O _,O NO. OF DAMPER BARS

0.0 3'. 0 DAMPER BAR LENGTH

iSLOT WIDTH •/;_Z . z/'Q3 DAMPER BAR PITCH

/'_ d'JDf_ /_L/ =_" C I C T I%1 I"TV DA&ID I[:J A D _")No

";[/44/ / DAMPER BAR TEMP "C

C),O (08 NO. OF FIELD TURNS

0.0 ,/0,/3 MEAN LENGTH OF FLD. TURN

, _3 l .o6_/ FLD. COND. DIA. OR WIDTHSLOT DEPTH

0,0 O.O FLD. COND. THICKNESS

,030 /S'O, O FLD. TEMP IN "C

NO. OF SLOTS

TYPE OF WDG. /,0 0

1.0 0

_,0

TYPE OF COIL

CONDUCTORS/SLOT

SLOTS SPANNED " /0,0

PARALLEL CIRCUITS /.0

STRAND DIA. OR WIDTH

STRANDS/CONDUCTOR /, 0

DIA. OF PiN ,2.5"

COIL EXT. STR. PORT .2,.j_

UNINS. STRD. HT. ,I_,2..

_ DIST___.._.BTWN. C L OF STD.

(40) "Tsk STATOR SLOT SKEW

(51) )¢Js ! R_.COND.@20"C

(59) g i MINIMUM AIR GAP

(59o) gmax MAXIMUM AIR GAP

RESISTIVITY OF FIELDCOND@2(?

NO LOAD SAT.

FRICTION & WINDAGE

STATOR SLOT

/

32

DAMPER SLOT

DESIGNER

POLE

o
I-,
0
r_

REMARKS

DATE



SUMMARY OF DESIGN CALCULATIONS - SALIENT POLE (OUTPUT)

MODEL

(17) (-_s)

(24) (h c )

NO.

SOLID CORE LENGTH

DEPTH BELOW SLOT X 2

EWO DESIGN NO !000,00000

2• 76000 1. 081901 CARTER COEFFICIENT
.56600 68 33850 AIR GAP AREA
.23728 152.69103 AIRGAPPERM

• 24676 , __0_286 EFFECTIVE AIR GAP
I. 00000 I. L)-_J_cJ-0_0 R.4TIO MAX TO FUND.

(26) ('Y's) SLOT PITCH

(27) (7"sl/3) SLOT PITCH 1/3 DIST. UP

(42) (Ksk) SKEW FACTOR

33

(67) (Ks)

(68) (-) a.

(70) O.a) O

i(69) (g e)

(71) (C I ) ,i,

n,

o

p,,
O

o
n,,

uj z

u

(¢z
(_)
(Bp)

(F.I)
(t _.i)

(S F)

,.(EF)

(43) (Kd) DIST. FACTOR

(44) (Kp) PITCH FACTOR

(45) (TZe) EFF. CONDUCTORS

(46) (a c) STRAND AREA

(47) (Ss) CURRENT DENSITY (STA:)

(49) ('_t) 1/2 MEAN TURN

(53) (Rph) COLD STA. RES. @20"C

;(54) (Rph) HOT STA. RES. @X°C

(55) (EFt0p) EDDY FACTOR TOP

(56) (EFbgt) EDDY FACTOR BOT

(62) ( ,_.i )

(63) _) END PERM.

(65) ( ) WT. OF STA COPPER

(66) I )

(41) (-rp)
(88) (op)
(86) (Xe/_)

(87) (x_Z)

(88) (_,s _)

(89) (aCF)

(90) (RF)

(91) (RF)

(1%)( )

(lO8b) ( )
( 98a ) (Vr)

(132) (Tdo)

(133) (Ta)

STATOR COND. PERM.

WT. OF STA IRON

POLE PITCH

POLE AREA

POLE END LEAK PERM.

POLE TiP LEAK PERM.

POLE SIDE LEAK PERM.

FLD COND. AREA

COLD .FLD RES @20oC.

HOT FLD RES @ X°C

WT OF FLD COPPER

WT OF ROTORIRON

PERIPHERAL SPEED

OPEN CIR. TIME CONST.

ARM TIME CONST.

(134) (T'd)

(135) (T"d)

(136) (Fsc)

¢137)(SCR)
PERCENT LOAD

)(138) LEAK FLUX

(139) POLE FLUX

TRANS TIME CONST.

SUB TRAN TIME CONST.

SHORT CIR NI

(140) POLE DENSITY

(141) POLE NI

(142) TOTAL NI

(143) FIELD AMPS

(144) CUR. DENS. (FLD)

(145) FIELD VOLTS

(12Rr) (146) ROTOR LOSS

(F&W)(147) F&WLOSS

SHORT AIR RATIO

0

27.131
313.151

97.829
68.669

8231071
12.10g

37_9.001

14.376

174.007
347.291

(We)
:.(WpnJ)

(wd.I)
(12R=)

(--)

(--)
(--)

(--)

(')
(--)

(148) STA TOOTH LOSS

(149) STA CORE LOSS

(150) POLE FACE LOSS

(157) DAMPER LOSS

(158) STATOR CU LOSS

(158) EDDY LOSS

(159) TOTAL LOSSES

(--) RATING (KW)

(--) RATING & LOSSES

(--) PERCENT LOSSES

(--) PERCENT EFF.

184,539
404.227
I05.017

• /-_O

.000.
,000

1215.340
.000

!2!_.140

J 100,QOQ.UUU

•95765 .3 9823 WINDING CONST.

.96596 .65000 POLE CONST.

185.46619 4,59241 END. EXT. ONE TURN

,01135 .84000 DEMAGNETIZING FACTOR

7343.3 2690 , q20n0 CROSSMAGNETIZING FCTR
,_ _ r . _ ;=,'_, h '7.59L' 1 O7 _ .-0_ 7 _71 AMP COND/IN

,,, .02971 .87672 REACTANCEFACTOR

.04501 7. 76606 LEAKAGE REACTANCE
i. 16467 i ]4.47347!REACTANCE DIRECT AXIS

I. 023 26
3 .43609

5 o421 92

5.31106

2o84743
3_20100
,41800

,64832

,8 O9,9.O
.00322

!.18771

I° 7993 0
5.69599

.00000
9029oi56800

,10248
.00200
.016B0

/'1/% /_1.uuS_O
747.325_8

1,Q_O_1

(_Zt) (160)

(_ptl) (162)

(Bpl) (163)

(Fpl) (164)

(Ffl) (165)

(Iffl) (166)

(--) (167)

(Effl) (168)

(I 2R,) (169)

(F&W) (147)

(Will) (170)

(wc) (149)
(Wpfl) (171)

(Wdfl) (172) I

02R0 (173)i
(--) (173a)l

(--) (174)

(--) (175)

(--) (176)

(_) (177)

(--) (178)

!

I
I

I

6 _,61152

122.23 953

77.37758
14,33483

,18440
4.33170

_-_5257
22.10089

19,44878

12,09776

13.11863

!2.6o8!_

3520.25190

286. 02046

51.51198

106.49226

9 i. _4646
67.6g_66

2q.81124

611.361631

!REACTANCE QUAD AXIS

ISYN REACT DIRECT AXIS

SYN REACT QUAD AXIS

FIELD LEAKAGE REACT

FIELDSELFINDUCTANCE

LEAKAGE REACT DIRECTAX.

LEAKAGE REACT qUAD AX.

UNSAT. TRANS. REACT

SAT. TRANS. REACT

SU B. TRANS REACT DI RECT A X.

SU B. TRANS REACTQUADAX.

N,EG SEQUENCE REACT

.Z_.R O__S_E_=q_U_EELC E REACT

TOTAL FLUX

FLUX PER POLE

GAP DENSITY

TOOTH DENSITY

CORE DENSITY

TOOTH AMPERE TURNS

CORE AMPERE TURNS

GAP AMPERE TURNS

I
100

497621
353.503
II0.4_5

241 .gO0
1621.979

23 -892

7407.650

42. 918

1023.708

347.291

234,722

404,227
1!4.675

939.209
88. 248

3152.428
2253 4.013

25686.441
12,272
_7.727

150

6-27294
377.720

118.000
442.669

2176.268

32.003

9939.114
_7._84

18Z_2. 938

347.291

288.655

404,227

126,748

2ii3.220

198. 558

5322,023
33801,020
39123. 043

13.603
86.396

200

f5.252 
404. 910

126,494
835._02

2929.955
43.o87

13381.236

77.527

3340.471
347.291
359.285
404,227
143 •650

37S6,837

352.992

8705.189

45068,026

53 773,215
16. 188
U3.1511

k-
i(72) (Cw) z

(73) (Cp) ._

(48) (LE)
z

(74) (CM) 0

(75/ ic _,) ;u
(78) (A)

(79) (X)

(80) (xg)

(81) (Xa_)

(82) (Xaq)

(83) (Xd)
14.1

(84) (X_.) u

(112) (xf) <

(113) (L r ) "
u

(115) (XDd) .<
I.IJ

(117) (XD_) =

(118) (X'au)

(119) (X'd)

(120) (x'd)
(]2]) (X_.)

(122) (X21

,(1 _.3) (Xo)

I(124 (_)_)
Z

(126) (_p) O

(1 25) (Bg) ,I-
.<

(127) (B_-)

(128) (Be) __
(129) (Ft) "'Z

(130) (Fc) o

(131) (Fq) :E

OPTIONAL

37.
332.960
1o4,017

130.953

1176,o17

17.294

53 70. 925

31,117

538,162

347.291

198.950

404. 227

1o7.432
.324

234.802
22.O62

1853.253

11267,007
13120.260

REMARKS DESIGNER
[;)ATE



NO LOAD SATURATION OUTPUT SHEET

34

90%

IOO%

110%

120%

13u_

140%

150%

16_

(179) ( -- )

VOLTS

(l 855 (F' s 5

STATOR A.T.

166,27 200

!4,5 590

187.o560o
33.12066

207,84000
93.5o690

228. 62400
231.00817

|,t_,249. _u800
479.03354

(18o)(F'o)
AIR GAPA.T.

(]86) (,_)
LEAKAGE FLUX

489;08930
18.08733

(181) (B_) (1825 (F' t ) (i 83) (B' c ) (184) (F'¢)
TOOTH DENSITY TOOTH A.T. CORE DENSITY CORE A.T.

(187)(¢'p,)
TOTA. L FLUX/POLE

(]88) (B'p)

TOOTH DENSITY
........ =. .

85, 19380
246.503 70

550. 22547
20. 94796

95,84303
278.36637

106.49226
311.33228

117.14149
347.06740

127.79071
386.77144

138.43994
427.20674

7. 297 26
77.13330

21,14996
86.96231

.67.69566
97.26094

158.7o457
108.42467

3o!.98336
120.82831

394.41868
133.46039

(1895 (F'p)

POLE A.T.

73.23716
14.31810

82.39181
25.71249

91. 546 46
64.89074

100.70111
2O3.36754

!o9.85575
544.53846

(I 90) (F'nl)

TOTAL A.T. (N.L.5

11;970
58.833

25.811
158.397

72.303
434.375

177.050
1023.572

353.003
1940.613

TOOTH DENSI

27o. 19200
747.42263

- C- A li"t ATUiy _TUr_,,D

794.77012
55.38014

733.63396
. 43.54689

672.49779
32.44489

611.36163

119.01040
1193.19100

7.298
28.914
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SALIENT POLE COMPUTER DESIGN MANUAL

(1)

.(2)

(s)

(4)

(5)

(5a)

(7)

(8)

(9)

(9a)

(Io)

KVA

E

EpH

m

RPM

IpH

P.m.

K c

DESIGN NUMBER - To be used for filing purposes

GENERATOR KVA

LINE VOLTS

PHASE VOLTS - For 3 phase, delta connected generator

(Line Volts) _ (3)

EpH = _

For 3 phase, wye connected generator

EpH = (Line Volts) = (3)

PHASES - Number of

FREQUENCY - In cycles per second

POLES - Number of

SPEED - In revolutions per minute

PHASE CURRENT - In amperes at rated load

POWER FACTOR - Given in per unit

ADJUSTMENT FACTOR - When P.F. = 0. to . 95 set K c = 1 o

whenP. F. =.95to 1. setK = 1.05
C

LOAD POINTS - The computer program is set up to have the

0. %, 100%, 150%, 200% load points as standard out-

puts. There is an additional space available on the

output sheet for one optional load point. This optional
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(11) d

(lla) dr

(12) D

(13)

(14)

(15)

(16) .

I 1

load point will be the designer's choice and can be

selected anywhere in the range of 0 to 200% load.

When an optional load calculation is required insert

the per unit load value on the input sheet. The op-

tional load point will be calculated in addition to the

standard points listed above. If only the standard

points are required, insert 0. on input sheet. For

example, insert. 33 on input sheet when the optional

load calculation for 33% load is required in addition

to the standard points.

STATOR PUNCHING I.D. - The inside diameter of the stator

punching in inches

ROTOR PUNCHING O.D. - The outside diameter of the rotor

punching in inches

PUNCHING O.D. - The outside diameter of the stator punching

in inches

GROSS CORE LENGTH - In inches

RADIAL DUCTS - Number of

RADIAL DUCT WIDTH - In inches

STACKING FACTOR - This factor allows for the coating (core

plating) on the punchings, the burrs due to slotting,

and the deviations in flatness. Approximate values

of K. are given in Table IV.
1
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(17)

(18)

/-'S

THICKNESS OF

LAMINATIONS

(INCHES) GAGE K.
1

• 014 29 0.92

• 018 26 0.93

• 025 24 0.95

• 028 23 0.97

.063 -- 0.98

• 12 5 -- 0.99

TABLE IV

SOLID CORE LENGTH - The solid length is the gross length

times the stackh]g factor. If ventilating ducts are

used, their length must be subtracted from the gross

length also.

LAMINATION MATERIAL - This input is used in selecting the

proper magnetization curve. Where curves are

available on card decks, use the proper identifying

code. Where card decks are not available, submit

as an auxiliary input, 29 points of the curve to be

used (start first reading at 0). These points are the

ampere turns per inch for each five units on the

density scale, where 1 unit is 1 kiloline/in 2. Refer

to curves I0, ii, 12 for standard magnetization

curves. Submit separate magnetization curves for

stator and rotor when different materials are used.

Separate spaces are provided on input sheet for stator

material and rotor material•

When the magnetization curve is not available on card

decks insert O. on input sheet and provide 29 point of



(19) k

(20) B

(21) 1

2

3

4

5

i
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the curve to be used as outlined previously in this

paragraph. When the magnetization curve is avail-

able on existing card decks, and a coding system is

available to identify each curve, then insert the

proper code number on the input sheet. Since curves

are available on card dec_ they have

been coded as follows: 1.0 = curve 10; 2.0 = curve

ll-high; 2.1 = curve ll-average; 2.2 = curve !!-

low; 3.0 = curve 12-high; 3.1 = curve 12-average;

3.2 = curve 12-low. Once a curve has been submitted,

the card deck should be coded and stored for future

use. An index of coded magnetization curves should

be published from time to time to bring records up

to date.

WATTS/LB - Core loss per ib of lamination material.

given at the density specified in (20).

Must be

DENSITY - This value must correspond to the density used in

item (i9) to pick the watts/lb. The density that is

usually used is 77.4 kilolines/in 2.

TYPE OF STATOR SLOT - Refer to Figure i, Page

of slot

For (a) slot use I. as an input

For (b) slot use 2. as an input

for type

For (c) slot use 3. as an input

For (d) slot use 4. as an input

Type 5. is not a slot but instead a particular situation

for an open slot where the whud_mg ,has only one con-

ductor per slot.



(22)

(23)

(24)

(25)

(26)

b 0 ._

b 1

b 2

b 3

b
S

h o

h l

h 3

h s

h t '

h
W

Q

h
C

q

_s

39

ALL SLOT DIMENSIONS - Given in inches per Figure 1, page 8

Where the dimension does not apply to the slot being

used, insert 0. on input sheet.

STATOR SLOTS - Number of

DEPTH BELOW SLOTS - The depth of the stator core below the

slots.

Due to mechanical strength reasons, h
C

be 1_,_,_ fhnn 7{3Cr/_nf h
- - iv .... S _

should never

- =h = (D) _'" 2(hs-- _ (12) - _1) + 2(22_

c 2 2

SLOTS PER POLE PER PHASE

(Q) (23)

q = (P)(m) =

STATOR SLOT PITCH

_ "if(d) 77"(11)

Q



(27)

(28)

(29)

(30)

(31)

n S

Y

4O

/
STATOR SLOT PITCH - 1/3 distance up from narrowest section

For slot (a), (b), (c), and (e)

7_I/3 (Q) (23)

For slot (d)

7"]"(_) + 2(h0) + 1-32(bs_ -

7T_1) + 2(22)+ 1.32(22-_

(23)

TYPE OF WINDING - Record whether the connection is "wye"

or "delta". For "wye" conn use 1. for input. For

"delta" use 0. for input

TYPE OF _TT,_,-,_.. - Record whether random wo,m_,d or formed

coils are used. For random wound coils use 0. for

input. For formed coils use I. for input.

CONDUCTORS PER SLOT - The actual number of conductors

per slot. _._U_..... _,_,_,_,_A_ wound coils use a space factor

of 75% to 80%. Where space factor is the percent of

the total slot area that is available for insulated con-

ductors after all other insulation areas have been

subtracted out.

THROW - Number of slots spanned. For example, with a coil

side in slot 1 and the other coil side in slot i0, the

throw is 9.



(3 la)

(32)

(33)

(34)

(35)

(36)

(37)

C

NST

%

hST
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PERCENT OF POLE PITCH SPANNED - Ratio of the number

of slots spanned to the number of slots in a pole pitch

(y') (31)

PARALLEL PATHS, No. of - Number of parallel circuits per

phase

STRAND DIA OR WIDTH- In inches. For round wire, use

strand diameter. For rectangular wire, use strand

width.

NUMBER OF STRANDS PER CONDUCTOR IN DEPTH -

Applies to rectangular wire. In order to have a more

flexible conductor and reduce eddy current loss a

stranded conductor is often used. For example, when

the space available for one conductor is . 250 width x

.250 depth, the actual conductor can be made up of

2 or 3 strands in depth as shown

i

o estr od 
lJ

one conductor

For a more detailed explanation refer to section

titled "Effective Resistmnce and Eddy Factor" in the

Derivations in Appendix.

DIAMETER OF BENDER PIN in inches - This pin is used in

forming coils

COIL EXTENSION BEYOND CORE in inches - Straight portion

of coil that extends beyond stator core

HEIGHT OF UNINSULATED STRAND in inches



(38)

(39)

(40)

(41)

(42)

(43)

f

h
ST

"CSK

wp

KSK
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DISTANCE BETWEEN CENTERLINES OF STRANDS IN DEPTH

in inches )

STATOR COIL STRAND THICiQNIESS in inches- For rectangular

conductors only. For round wire insert 0. on input

sheet.

SKEW - Stator slot skew in inches at stator I. D.

POLE PITCH in inches

yr(d) 7r(ll)

SKEW FACTOR - The skew factor is the ratio of the voltage in-

duced in the coils to the voltage that would be induced

if there were no skew

KSK

sinl 2(_o) / sin _.£

u._ -- ..J-- . u_. ', - - i,_J

_r(____) _f(40)
.... _1% .....

2(Tp)

DISTRIBUTION FACTOR - The distribution factor is the ratio

of the voltage induced in the coils to the voltage that

would be induced in the coils if the winding were

concentrated in a single slot. See Table 2 for com-

pilation of distribution factors for the various har-

monies.

sin _X2s)_ 180 °
where oc -

Kd=  J'¢sin(%3 s
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(44)

(45)

(46)

or

K d

%

n
e

a c

s nSO°/(5 
(25)sin x

For (25) : Integer

= Integer = (Q)
x Integer & (zm =

For (25) = Integer

180 °

N x (m)

PITCH FACTOR - The ratio of the voltage induced in the coil to

the voltage that would be induced in a full pitched

coil. See Table 1 for compilation of the pitch factors

for the various harmonics•

Kp sin x 90 = .... t "(5)(25_ x 90
_3 __2

TOTAL EFFECTIVE CONDUCTORS - The actual number of ef-

fective series conductors in the stator wLn_ding taktng

into account the pitch and skew factors but not allow-

ing for the distribution factor.

(Q) (ns) (KP) (KsK) (23)(30)(44)(42)
n -

e (C) (32)

CONDUCTOR AREA OF STATOR WINDING in (inches) 2 -

The actual area of the conductor taking into account

the corner radius on square and rectangular wire.

See the following table for typical values of corner

radii

if (39) = 0 then a c = 257T(Dia) 2 = .257T(33)2
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If (39) / 0 then a
C = (NST) _strand width) (strand depth) - (. 858 rz2)_

where • 858 r 2 is obtaLued from Table V below.
C

(39)

• 050

.072

(33) . 188

•000124

.000210

• !89 (33) .75

.000124

DGGIqA

(33) .751

.000124

•000124

• 125 •000210 .00084 •000124

.165 .000840 .00084 .003350

.001890 .00189 .003350

_m

m_

.225

• 438 .00335 • 007540

.688 .00754 .01340

.... .03020 .03020

TABLE V

(47)

/Ao<

SS

L E

CURRENT DENSITY - Amperes per square

ductor

-S (C)(ac) (32)(46)

inch of stator con-

END EXTENSION LENGTH in inches - Can be an input or output.

For L E to be output, insert 0. on input sheet.

For L E to be input, calculate per following:

When (29) = 0 then:

= + 1. _i) (2L E Q - . 5 5 If (6) _(31) +•7 If (6)>
(23)



°.

(49) _'t

(50) v -_.

(51) -s

I
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1"
=2x(36),77" + (35 +(31) 6_)

k_26)' - (,,)' J

1/2 MEAN TURN - The average length at one conductor in inches

_t = (_) + (LE) = (13) + (44)

STATOR TEMP o C. - Input temp at which F.L. losses will be

calculated. No load losses and cold resistance will

be calculated at 2 0° C.

RESISTMTY OF STATOR WINDING - In micro ohm-inches @

20°C. If tables are available using units other than

that given above, use Table VI for conversion to

ohm-inches.

1 ohm-cm ffi

1 ohm-in =

1 ohm-cir mil/ft =

olun-cm

1. 000

2. 540

1. 662 x 10 -7

ohm-in

0.3937

1.000

6.545 x 10 -8

TABLE VI

ohm-cirm_/_t
6.015 x 106

I. 528 x 107

1.000

Conversion Factors for Electrical Resistivity

RESIffrIvrrY OF STATOR WINDING - Hot at Xs°C in micro ohm-

inches



\ (53)

(54)

(55)

(56)

RSpH

(cold)

I_pH

(hot)

EF

(top)

EF

(bot)

:+

SrATOR_ANCE/P_ - CoU0 Zo°c_ _ .

(,%x,,_)mxl,)
RSPH(cold ) = (m)(ac)(C)2

= (51)(30)(23)(49)
(5)(46)(3_)2

STATOR RESISTANCE/PHASE - Calculated @ X°C in ohms

(Ps hot )(ns)(Q)(_t)

_ttnow (m)(ac)(C)2

= (52)(30)(23)(49)

(5)(46)(32) 2

EDDY FACTOR TOP - The eddy factor of the top coil.

Calculate this value at the expected operating tem-

perature of the machine.

hst-_t 3.35xs;oJL';_i/

ffi 1 + 84 + L 16 J_37}(49_ 2.,_"'35 x 10 -3

EDDY FACTOR BOTTOM - The eddy factor of the bottom coil

at the expected operating temperature of the machine

EF(I_t) = (EF(top)) - 1+ 6"I"IL_+ ++ ,o.-+



4 ,

(57)

(57a)

(58)

btm

bt I/3

b t

= (55)- 1.677 (_7)(30)(5a)(46"_10-3 :

L_(22)(s2)I0-_j

A TOOTH WIDTH 1/2 way down tooth in inches -

For slots type (a), (b), (d) and (e), Figure I

For slottype (c), Figure I

TF(_)+ 2(hs)-_ _ 77_1) + 2 (22--'_
btm-- (Q) (b3) = (23) - (22)

47

STATOR TOOTH WIDTH i/3 distance up from narrowest section

For slots type (a), (b)and (e)

bt 1/3 = ('7ss 1/3 ) - (bs) = (27) - (22)

For slot type (c)

bt i/'3= btrn = (57)

For slot type (d)

bt 1/3 = (_1/3) --
2_

3 (bs) = (27) - .94(22)

TOOTH WIDTH AT STATOR I.D. in inches -

For

bt =

For

bt =

partially closed slot

77"(11) _ (22)-_- bo-- -(_

open slot

7T(d)
bs=_ -(22)-_--



(59)

(59a)

(6O)

(61)

(62)

gmin

gmax

"X

Kx

48

MINIMUM AIR GAP in inches- For concentric pole face

groin = gmax" For non concentric pole face

groin = gap at the center of the pole.

MAXIMUM AIR GAP in inches

REDUCTION FACTOR Used in calculatLug _^-; ....- _ui_uu_to_ pern:eRnce

and is dependent on the pitch and distribution factor.

This factor can be obtained from Graph 1 with an as-

sumed Kd of . 955 or calculated as shown

(Kx) (61)

C X - (Kp)2 (Kd)2 - (44) 2. (43) a

NOTE: See special case for (e) slot refered to

calculation (62)

FACTOR TO ACCOUNT FOR DIFFERENCE

coil sides in same slot

-=-

KX= : +1

=_ +I

(Y)

For 3 phase

For 2 phase

(31)
(5)(25)

NOTE: See special case for (e) slot.

lation (62)

in phase current in

Refer to calcu-

CONDUCTOR PERMEANCE - The specific permeance for the

portion of the stator current that is embedded in the

iron. This permeance depends upon the configuration

of the slot.



i, _ • •

i

_ " " • , r _ • _ ; _ " , " ¸q , • :•, • ;........ '- - , .s,¸_-_-

(a) For open slots

49

_i - (Cx) ÷_ ÷ +

(b) For paxtiaily closed slots with constant slot width

20at) (h) (hl) (bt)2

20
._t (60) [_-_= (_)(_._)

14."
2(22) _ (22)+ (22)+(22) + +

(d) For round slots

= (m)(q) 62 +

= _ 62 +

(e) For open slots with a winding of one conductor per slot

_i = (Cx) (=)(,d + _-_ .. s. .

20 _.9.). (sg) 4-_]_,_=(eo)_L _. 3-_ +-e+_ +

- 35(bt) _

+ (_)j

(26)

(l_) = 1



(63)

(64)

(65)

(66)

(67)

_E

LEAKAGE REACTIVE FACTOR for end turn

Calculated value (LE)

KE = Value (LE) from Graph 1 (For machines where (11)>8")

where L E = (48) and abscisa of Graph 1 = (Y)(Ts) ffi (31)(26)

alculated value of (LE) (For machines where (11)<8")

KE _Value (LE) from Graph 1

END WINDING PERMEANCE - The specific permeance for the

end extension portion of the stator winding

- '°J

2n is obtained from Graph 1.

The symbols used in this (term) do not apply to those

of this design manual. Reference information for the

symbol or_in is included on Graph 1.

WEIGHT OF COPPER - The weight of stator copper in lbs.

#'s copper = . 321(ns)(Q)(ac) (t) = . 321(30)(23)(46)(49)

WEIGHT OF STATOR IRON - in lbs.

CARTER COEFFICIENT

(For open slots)



(68)

(691

(7o)

(71)

ge

C 1

(z6)[_(.). (==_
K. = (26)_(,g)÷(==)7-(2=)z

(261_._(,91÷. 7,(221-1
Ks- (261[_._("91÷. 7,(22_- (2_.12
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(For partially closed slots)

AIR GAP AREA - The area of the gap surface at the stator bore

Gap Area : 7T(d)(]-) : 7T(11)(13)

EFFECTIVE AIR GAP

ge ffi (Ks)(g) = (67)(59)

AIR GAP PERMEANCE - The specific permeance of the air gap

it (II_I,.II_I 6. q911 11

/_a (1))(g e) = (6)(69)

THE RATIO OF MAXIMUM FUNDAMENTAL of the field form

to the actual maximum of the field form - This term

can be an input or output. For C 1 to be output insert

0. on input sheet. For C 1 to be input, determine C 1

aS foltows:

For pole heads with only one radius, C 1 is obtained

from curve #4. The abscisa is "pole embrace" (cc)

ffi (771. The graphical flux plotting method of deter-

mining C 1 is exp_ in the section fitted "Dertva-

ttons" in the Appendix.



(72)

(73)

(74)

%

Cp

C M
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WINDING CONSTANT - The ratio of the RMS Iine voltage for a

full pitched winding to that which would be introduced

in all the conductors in series ff the density were

uniform and equal to the maximum value. This value

can be an input or output. For C_to_ be an output,

insert 0. on input sheet. For C W _ be an input, cal-

culate as follows:

(E)(C 1)(Kd) = (3)(7i)(43)

C W = _.. (EpH)(m)

Assuming Kd ffi . 955, then CW ffi. 225 C 1 for three

phase delta machines and C W ffi. 390 C 1 for three

phase star machines.

POLE CONSTANT - The ratio of the average to the maximum

value of the field form. This ratio can be an input or

output. For Cp to be an output, insert 0. on input

sheet. For Cp to be an input, determine as follows:

For pole heads with more than one radius Cp is cai-

culated from the same iield form that was used to

determine C 1' and this method is described in the

section titled "Derivations" in the Appendix. For

pole heads with only one radius Cp is obtained from

curve #4. Note the correction factor at the top of the

curve.

DEMAGNETIZING FACTOR - direct axis - This factor can be

an input or output. For C M to be an output, insert

0. on input sheet. For C M to be an input, determine

as follows:



(75) c q

(76) --

(77)

C M ffi S
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C M can also be obtained from curve 9.

CROSS MAGNETIZING FACTOR - quadrature axts- This factor

can be an input or output. For C q to be an output, in-

sert 0. on input sheet. For Cq to be an input, deter-
mine as follows:

Cq =

C
q

112cosl-(oc)ITl2"l+(oc)TF-sinE(oc)ll"]

4 12(o )"m2-1 i"
)

I12cos[(77)"rr/2]+(77)_-s_nF(77)Irl

4 sinI-(77) _/2-]

can also be obtained from curve 9.

VALID t=°l_.

CONC I_ N TR.I C

po LE" S.

POLE DIMENSIONS

Where:

b h = width of pole head

bp = width of pole body

h h = height of pole head at center

hf = height of pole body

jp = length of pole body

_n ffi length of pole head

LOCATIONS per Figure 2

- - -_h

ht:

Fig. 2

all dimensions in inches

POLE EMBRACE

bh:



q

(78)

(79)

(8O)

A

X

AMPERE CONDUCTORS per inch - The effective ampere con-

ductors per inch of stator periphery. This factor

indicates the "specific loading" of the machine. Its

value will increase with the rating and size of the

machine and also will increase with the number of

poles. It will decrease with increases in voltage or

frequency. A is generally higher in single phase

machines _ in polyphase ones.

(IpH)(ns)(KP) (8)(30)(44)

A ffi (C)(Ts) : (32)(26)

REACTANCE FACTOR - The reactance factor is the quantity by

which the specific permeance must be multiplied to

give percent reactance. It is the percent reactance

for unit specific permeance, or the percent of normal

voltage induced by a fundamental flux per pole per

inch numerically equal to the fundamental armature

ampere turns at rated current. Specific permeance

is defined as the average flux per pole per inch of

core length produced by unit ampere turns per pole.

100(A)(Kd) 100(78)(43)
X - ffi

_-(C1)(B _ x 103 _/2 (71)(125)x 103

LEAKAGE REACTANCE - The leakage reactance of the stator

for steady state conditions. When (5) = 3, calculate

as follows:

In the case of two phase machines a component due

to belt leakage must be included in the stator leakage.,

reactance. This component is due to the harmonics



! !:_.ii/¸¸_¸'_:_./_ i i_._ :'¸ ķ

(81)

(82)

(83)

(84)

(85)

Xad

N

X d

%

caused by the con_ntraUon ct the MMF into a small

numberct _ belt,, per _le T _ __le f_
three phase machines. When (5) 2, calculate as

follows:

.  , F 7,0o7  o°7
0.1(d) I L_mJ_J I_ 0.,I(11)I _"J_"'_ I

_B-_)_e)L__l--- -_1-(e)(e.)L_ ._.(_) J
xr-l_ _+ i_ _, t_ _7 where- u or " -"

X_ _ LV-i, V'E' _ _/'BSJ /_B = I J phase maclunes.

xz ; (79)F_(e_.)+ )64)+ (80)7

REACTANCE - direct axis - This is the fictitiousreactance due

to armature react/on in the direct axis.

Xad= (X)(_a)(C1)(CM) = (79)(70)(71)(74)

REACTANCE - quadrrature axis - This is the fictitious reactance

due to armature reaction in the direct axis.

Xaq = (X)(Cq)(_a)= (79)(75)(70)

SYNCHRONOUS REACTANCE - direct axis - The steady state

short circuit reactance in the direct axis.

X d = (Xt) + (Xad) = (80) + (81)

SYNCHRONOUS REACTANCE - quadrature axis - The steady

state short circuit reactance in the quadrature axis.

Xq = 01:_,) + (Xaq) = (80) + (82)

POLE AREA - The effective cross sectional area of the pole.



(ss)

,(87)

(88)

(89)

,'_e.t

/_" 4.#

!

POLE END T.P.AS:&GE PERMEANCE

POLE TIP LEAKAGE PERMEANCE

('P) - (bh_ }

2_6) + (59) - (41)/183_

(41) - (76) J

POLE SIDE LEAKAGE PERMEANCE

S
(P)[(dr) - 201h)-. 50if)I- %)

(76) )= lr/(6_(lla) - 2(76) - . 5(76)7- (76)

DAMPER SLOT DIMENSIONS

bbo - width of slot opening

hbo - height of slot opening

h b - diameter of round slot

i !

: i

hbl - height of bar section of slot

bbl - width of rectangular slot

• 55
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(90)

(91)

(92)

(93)

(94)

(95)

(96)

(97)

(98)

hbl

%

PD

XD°C

(hot)

acd

D_A_ER BAR DIA OR WIDTH in inches

DAMPER BAR THICKNESS in inches - Damper bar thickness

considered equal to damper bar slot height (hb) per

item (89). Set this item = 0 for round bar.

NUMBER OF DAMPER BARS PER POLE

DAMPER BAR LENGTH in inches

DAMPER BAR PITCH in inches

RESISTIVITY of damper bar @ 20°C in ohm-inches - Refer to

table given in item (51) for conversion factors.

DAMPER BAR TEMP °C - Input temp at which damper losses

are to be calculated.

RESISTIVITY of damper bar @ XDoC

f-'tv 0,.,_. oo,4 _--I r-- -_

PD(hot) (,,O_l '_D _' * .,_=.o [_
-- "D' L _-g4:.5 .]_ w"' L-2-5_-]5m_'I (96) + 234.5jI

CONDUCTOR AREA OF DAMPER BAR- Calculate same as

stator conductor area

At (46) except substitute/(91) for (39)
/

U90) for (33)

If (91)ffi 0

acd =. 25 ?7" (damper bar dia) 2 - . 25ff(90) 2

If (91) 0

acd = (hbi) (damper bar width) = (91)(90)



(99)

(lOO)

(101)

(102)

(lO3)

(lO4)

(lO5)

(106)

(107)

V
r

Np

v

ILl

JJ_

Z_
J4r

(hot)

acf

(cold)

PERIPHERAL SPEED - The velocity of the rotor surface in feet

per minute

7T(d) (RPM) _(11a)(7)
Vr = 12 = 12

NUMBER OF FIELD TURNS PER POLE

MEAN LENGTH OF FIELD TURN

FIELD CONDUCTOR DIA OR WIDTH in inches

FIELD CONDUCTOR THICKNESS in inches - Set this item = 0.

for round conductor

FIELD TEMP IN °C - Input temp at which full load field loss is

to be calculated.

RESISTMTY of rotor field conductor @ 20Oc in micro ohm-

inches. Refer to table given in item (51) for conver-

sion factors.

RESISTIVITY of rotor field conductor at Xf°C

_(Xf°C) + 234" 5_ _.103) + 234.5_(hot) = _ L__ 254.5 = (104) __ 254.5

CONDUCTOR AREA OF ROTOR FIELD WDG- Calculate same

as stator conductor area (46) except substitute

(102) for (39)

(101) for (33)

COLD FIELD RESISTANCE @ 20°C

(Np)(P)(_tr)

Rf (cold) = (P f) (acf)
: (104) (99)(6)(100)

(106)



(108)

(108a)

(108b)

(109)

Rf

(hot)̧
_ i_LD, _RES_ANC E - Calculated at X;C (103)

Rt (hot) = ( Pf hot ) (acf) = (105) (106)

59

WEIGHT OF ROTOR FIELD COPPER in lbs

#'s of copper =. 321(Np)(P)(ltr)(acf)

=. 321(99)(6)(100)(106)

WEIGHT OF ROTOR IRON - Because of the large number of

different pole shapes, one standard formula cannot

be used for calculating rotor iron weight. Therefore

the computer will not calculate rotor iron weight.

The space is aUowed on the input sheet for record

purposes only. By inserting 0. in the space allowed

for rotor iron weight, the computer will show "0."

on the output sheet. If the rotor iron weight is avail-

able and inserted on input sheet, then the output sheet

will show this same weight on the output sheet.

PERMEANCE OF DAMPER BAR - The permeance of that portion

of the damper bar that is embedded in pole iron.

For round slot

For rectangular slot



(110)

(111)

(112)

(113)

'_F

X F

k .

PERMEANCE OF END PORTION OF DAMPER BARS

_pt = 6"38_ _r('oh) - (7"b)3(ge)[(nb) " 1] I

=6"38_ 76)- (94)3(69)[(92)-1] 1

ROTOR LEAKAGE PERMEANCE

-4.2_R88)+I._(87_-I÷6.38(86)
L.,-- ...-I

FIELD LEAKAGE REACTANCE

XF = (Xad) - 2(C)+4(_F)I

F-- r-" .-,

L,7, J, 4,JI4(111)
= (81) 2("(3)+

FIELD SELF INDUCTANCE

= (99)2(6)(76)E(73)(70)_'+ (111fl x 10 -8



(ii4)

(115)

(116)

(n7)

(n8)

• Dd

/ Da

xi_

X'du

PERMEANCE OF DAMPER BAR - in direct axis

2(1-_) jj L%+,,_-..,_, j

= os 2(94) "_ (109)+ (1.10)" (111)_

DAMPER LEAKAGE REACTANCE- in direct axis

XDd = X_Dd)= (79)(114)

PERMEANCE IN QUADRATURE AXIS

For round slot

2°('r'b)F(h_o) (g)q

_-0(94) r(89 ) (,59)]- -(¢_L C_-o_+ .62+ ._ +_-)

For rectangular slot

_--_-L_-_ +_-_ +_ +

20(94) _89)(89) __]

DAMPER LEAKAGE REACTANCE - in quadrature axis

XDq -- X(7"-Dq) = (79)(116)

UNSATURATED TRANSIENT REACTANCE

x du.,(x_)+ Ocf)ffi(80)+ (in)
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(119)

(120)

(121)

(122)

(123)

- !

t_

X d

t!

Xq

X 2

X o

SATURATED TRANSIENT REACTANCE

t !

X d =. 88(Xdu ) = . 88(118)

4 52

SUBTRANSIENT REACTANCE in direct axis

When damper bars exist, i.e. when (92) _ 0

ft

X d =(X_)+ (XDd) = (80)+ (115)

When no damper bars exist, i.e. when (92) = 0

X d = (Xd) = (119)

SUBTRANSIENT REACTANCE in quadrature axis

When damper bar exists, i.e. when (92) _ 0

tt

Xq = (i_) + (XDq) = (80) + (116)

When no damper bars exist, i.e. when (92) = 0

vv

Xq=Xq= (84)

NEGATIVE SEQUENCE REACTANCE - The reactance due to the

field which rotates at synchronous speed in a direction

opposite to that of the rotor.

, _xft ft •x2 d÷xq 7- s E(l o).

ZERO SEQUENCE REACTANCE - The reactance drop across

any one phase (star connected) for unit current in each

of the phases. The machine must be star connected

for otherwise no zero sequence current can flow and

the term then has no significance.



63

u ¢,ke_= o T_n Xo - 0

U (28) _ 0 Then

: (79) _(e2) ÷ (1_3c)_.+ (_)(2_)(44)2(43)2(_2)+ J
. - . .

(123a)_:o

Kxl

u (30)= ;

u (30)_ 1

Then Kxo = 1

H (30)= 1 Then Kxl = 1

U (30)_ I Then:

Kxl : I a,(m)((_ + :
L,--. _...a

If (3 la.) >-.. 66'7

If (3 lz_) ": • 66"/

If (92) = 0 Then:

(Kxo)
_BO = ___ E 07(_.a)_ = (123a) 07(70)-]



(124)

(125)

(126)

(127)

(12s)

_m

K

B t

B c

__ (,_)

TOTAL FLUX IN KILO LINES

GAP DENSITY in Kilo Lines/in 2 - The maximum flux density

in the air gap

(_T) (124)
Bg = 7T(d)(l) = _'(11)(13)

FLUX PER POLE in Kilo Lines

(_T)(CP) (124)(73)
¢_P = (P) - (6)

TOOTH DENSITY in Kilo Lines/in 2 - The flux density in the

stator tooth at 1/3 of the distance from the minimum

section.

_T (124)

B t ffi iQ)(Ls)(bt 1/3 ) ffi

CORE DENSITY in Kilo Lines/in 2 - The flux density in the

stator core

({_P) (126)

Bc = 2(hc)(_s) = 2(24)(17)



_ _ +i ¸

(13o)

(130a)

(131)

(132)

F c

F s

v

i

Tdo

,~

_ STATOR TOOTH AMPERE TUm_

F T = h s ENIlln at density Bt_

= (22) I-Look-up on stator magnetization curve given in 7
L (18)@density (127) _J

STATOR CORE AMPERE TURNS

65

F
C

F_(D)- (hc)]_ 'EM/in @densityof Be-]=L 4_) _j

=E_'_124)(6) (24)_FLook-u p on stator magnetization curve_
_Lgiven in (18) @ density (128)

STATOR AMPERE TURNS, total

F s = (FT) + (Fc) = (129) + (130)

AIR GAP AMPERE TURNS - The field ampere turns per'pole

required to force flux across the air gap when

operating at no load with rated voltage.

(Bg)(ge) (125)(69)

Fg = _ = 3.19

OPEN CIRCUIT TIME CONSTANT - The time constant of the

field winding with the stator open circuited and with

negligible external resistance and inductance in the

field circuit. Field resistance at room temperature

(20°C) is used in this calculation.

LF
Tdo =_=



(lSS)

(134)

(135)

(136)

(137)

!

T d

T d

FSC

SCR

ARMATUI_ TIME CONSTANT - Time _constant of the D.C.

component. In this calculation stator resistance at

room temperature (20°C) is used.

X2 (122)

Ta = 2007r(f)(ra) = 200/r(5a)(133)

(m)(IpH)2(Rsp H cold ) (5)(8)2(53)
where r =

a Rated KVA (2)

66

TRANSIENT TIME CONSTANT - The time constant of the

transient reactance component of the alternating

wave.

f

, (Xd) ,
T d : -_d (Td°) : (132)

SUBTRANSIENT TIME CONSTANT - The time constant of the

subtransient component of the alternating wave.

This value has been determined empirically from

tests on large mac _hines. Use foilowLng values.

ff

T d =

ft

T d ffi

• 035 second at 60 cycle

• 005 second at 400 cycle

SHORT CIRCUIT AMPERE TURNS - The field ampere turns

required to circulate rated stator current when the

stator is short circuited.

FSC : (Xd)(Fg)= (83)(131)

SHORT CIRCUIT RATIO - The ratio of the field current to pro-

dace rated voltage on open circuit to the field current

required to produce rated current on short circuit.



(138)

(139)

(14o)

fJ_A

Bp

Since the voltage regulation depends on the leakage

reactance and the arnmture reactlo_ it is closely

related to the current which the machine produces

under short circuit conditions, and therefore is

directly related to the SCR.

FNL (142)

67

The items to follow (138) to (158) are to be calculated

for variable loads. The first set of calculations are at

no load. These calculations will then be repeated for

100% load. From then on any variation in load would

be a repeat of the 100% load calculations with the proper

percent load inserted.

LEAKAGE FLUX - at no load

_= .00638_/_sL)+ (_e_) + (_t_)_ _Fg) + (Fs)-_(_ P)

TOTAL FLUX PER POLE -at no load

¢PT -- CP ÷ ¢_ - (126) + (138)

POLE DENSITY - The apparent flux density at the base of the

pole. Note that no provision is made in this manual

for calculating the density in the spider section. It

is therefore important to remember not to restrict

the flux area through this section.



(141)

(142)

(143)

(144)

• , .... ... ,,

F I)

FNL

IFNL

SF

BI ) s _-- _

68

POLE AMPERE TURNS - at no load. The ampere turns per pole

required to force the flux through the pole and spider

at no load r_ted voltage. In general the spider density

is kept fairly low and its ampere turns can be neg-

lected. T.he no load pole ampere turns per pole are

calculated as the product of (hf) + 0_h) times the NI

per inch at the density (Bp). Use magnetization curve

submitted per item (18) for rotor.

= _(76) + (76)] FLook-up on rotor magnetization 7
L J mcurve given in (18) @ density (140)_J

TOTAL AMPERE TURNS - at no load. The total ampere turns

per pole required to produce rated voltage at no load.

FNL = [(F_ + (Fs)+ (Fp8=8131)+ (.130a)+ (1418

FIELD CURRENT - at no load

IFN L = (FNL) / (Np) = (142) / (99)

CURRENT DENSITY = at no load. Amperes per square inch of

field conductor.

S F = _[FNL) / (acf) = (143)/(106)



(145)

(146)

(147)

(148)

.

F&W

WTNL

FIELD VOLTS - at no load. This ca/culat/on is made with cold

field resistance at 20°C for no load condition.

E F = ([FNL)(Rfcold) = (143)(107)

ROTOR I2R - at no load. The copper loss in the field winding

is calculated with cold field resistance at 20°C for

no load condition.

Rotor I2R = (IFNL)2 (Rfcold) = (143) 2 (i07)

FRICTION & WINDAGE LOSS - There is no known calculation

method that wi/1 give accurate results for this loss.

The best results are obtained by using existing data.

For rattoing purposes, the loss can be assumed to

vary approximately as the 5/2 power of the rotor

diameter and as the 3/2 power of the RPM. When

no existing data is available, the fonowing calculation

can be used for an approximate answer. Insert 0.

when computer is to calculate F & W. Insert actual

F & W when available. Use same value for ail load

conditions.

F & W = 2.52 x 10 -6 (dr)2" 5 (_h) (RPM) 1"5

= 2.52 x 10 -6 (11a) 2"5 (76)(7) 1"5

STATOR TEETH LOSS - at no load. The no load loss (WTNL)

consists of eddy current and hysteresis losses in the

iron. For a given frequency the no load tooth loss

wLtl vary as the square of the flux density.
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(149)

(15o)

W c

WNpL

"'k

WTN L = . 453(b t 1/3)(O.)(_s)(hs)(KQ)

= . 453(57a)(23)(17)(22)(148)

Where KQ ffi (k) = (19)

STATOR CORE LOSS - The stator core losses are due to eddy

currents and b.yst_resis _,md do not cha_e ",a,_er load

conditions. For a given frequency the core loss will

vary as the square of the flux density (Bc).

Wc-
= 1.42 B12) - (24)] (24)(17)(149)

Where KQ = (k) = (19)

POLE FACE LOSS - at no load. The pole surface losses are

due to slot ripple caused by the stator slots. They

depend upon the width of the stator slot opening, the

air gap, and the stator slot ripple frequency. The no

load pole face loss (WpNL) can be obtained from

Graph 2. Graph 2 is plotted on the bases of open

slots. In order to apply this curve to partially open

slots, substitute b ° for b s. For a better understand-

ing of Graph 2, use the following sample.

K 1 as given on Graph 2 is derived empirically and

depends on lamination material and thickness. Those

values given on Graph 2 have been used with success.

K 1 is an input and must be specified. See item (151)

for values of K 1.



k

(150) (Cont.)
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K_ is shown as being plotted as a function of 0BG)2" 5.

Also note that upper scale is to be used. Another

note in the lower right hand corner of graph indi-

cates that for a solid line (__.._J, the factor is read

from the left scale, and for a broken or dashed line

(..__), the right scale should be read. For

example, find K 2 when B G = 30 kilolines. First lo-

cate 30 on upper scale. Read down to the intersection

of solid line plot of K2 = f(BG)2" 5. At this intersec-

tion read the left scale for K2. K2 = . 28. Also refer

to item (152) for K2 calculations.

K3 is shown as a solid line plot as a function of

(FsLT)I. 65. The note on this plot indicates that the

upper scale X 10 should be used. Note FSL T = slot

frequency. For an example, find K3 when FSL T =

1000. Use upper scale X 10 to locate 1000. Read

down to intersection of solid line plot of K 3 =

f(FsLT )1.65. At this intersection read the leftscale

for K 3. K 3 = I.35. ALso refer to item (153)for K 3

calculations.

For K 4 use same procedure as outlined above except

use lower scale. Do not confuse the dashed line in

this plot with the note to use the right scale. The

note does not apply in this case. Read left scale.

Also refer to item (154) for K4 calculations.

For K 5 use bottom scale and substitute bo for bs w_en

using partially closed slot. Read leftscale when using

solid plot. Use right scale when using dashed. Idol

Also refer to item (155) for K5 calculations.



(150)

(151)

(152)

(153)

(Cont.)

K 1

_ ..... • 1 72_ '

from left scale. Also refer to item (156) for K s

calculations.

The above factors (K2) , (K3), (K4), (KS), (K 6) can

also be calculated as shown in (152), (153), (154),

(155), (156), respectively.

WI_TL = _(d)(_,)(K1)(K2)(K3)(K4)(Ks)(K 6)

= 5(11)(13)(151)(152)(153)(154)(155)(156)

K 1 is derived empirically and depends on lamination material

and thickness. The values used successfully for K 1

are shown on Graph 2. They are

K 1 = I. 17

= 1.75

-3.5

-7.0

for. 028 lam thickness, low carbon steel

for. 063 lam thickness, low carbon steel

for. 125 lam thickness, low carbon steel

for solid core

K 1 is an input and must be specified on input sheet.

K2 can be obtained from Graph 2 (see item 150) for explanation

of Graph 2) or it can be calculated as follows:

K2 = f(BG) = 6.1 x 10 -5 (BG)2"5

= 6.1 x 10 -5 (125) 2"5

K3 can be obtained from Graph 2 (see item 150) for explanation

of Graph 2) or it can be calculated as follows:

K3 = f(FsLT) = 1.5147 x 10 -5 (FsLT)1"65

- I.S147x IO-s (is3)1"e 

(RPM) (O.)Where FSL T = 60



(154)

(lSS)

z_

K 5
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K 4 can be obtained from Graph 2 (see item (150)for exp_

c_ Graph 2) or it can be calculated as follows:

FOr_s_ =. 9

z4 - f(Ts)= .Sl(_)i-2ss

=.si(26)1.2ss

For .9_ _s_= 2.0

K4 = f(Ts) = .79(Ts)1.145

= . 79(26)1" 145

For _72.0

K4 : f(Ts) :. 92(_s)"79

= . 92(26)" 79

K 5 can be obtained from Graph 2 (see item (150) for explanation

For(bs)/(g)_=I. 7

Z5 = i_s/g)=

NOTE: For partially open slots substitute b o for b s

• in equatioRs shown.

For 1.7< (bs) / (g) _=3

,o>.)I
:

of Graph 2) or it can be calculated as follows:



(156)

(157) WDNL

For 3_(bs)/(g) _ 5

: ,%)/_) :. e,5[e,>,)/ (,)]_'4

:. 82s_22)i (-)3i.,i

For (bs) / (11)>5

KS: 'E_,,)]/(,) : 1.3'[%,)/C,)3 "'6_

: i.38022)/(s9)]-ge"

74

K6 can be obtained from Graph 2 (see item (150) for explanaUon

of Graph 2) or it can be calculated as follows:

x6 : i(cl) : _o_ 9323<ci)- 1.6o596-I

: 1o[7.93_3(_1)- i.e0_96_

DAMPER LOSS - at no load at 20°C. This loss is produced by

slot ripple in the damper winding. At no load this

loss is calculated from curves '/and 8.

1.246(P)(n )(1 )(% b
WDN L =

(acr) x 103

((Kil) _2 (7_s) KW1 G 2

+ --1"

1.146(6)(91)(93)(95) _16)(115)(15'/)(15'/)31
WDNL = (98) x 103

(15'/ 2 (15'/) :!

{(15"/{(151) +[(15_)I(157)_ + (15'/)_(15'/)+[(15'/)/(15_



(157) (com.)
Where K1) 1 = 1 - 1

75

1
= 1-

_; ÷_22)/ 2(59)]2

NOTE: Substitute b ° for b s when partially opened

stator slot is used.

__KP1 can also be obtained from curve 7 where abscissa

is (bs) / (g) or (bo) / (g) = (22)/ (59)

Where Kg = (Ks)= (671

f

Where g = (Kg)(g)= (157)(59)

Where Kfl & Kf2 are obtained from curve 7

Where the abscissa is S 1 or S 2

Wherefsl = _.qn_= 2(25)(5)(5a)

fs2= 2_Sl)

Where KW1 and KW2 are obtained from curve 8.

where the abscissa is (bs)/(Ts) for open slots or

COo) / (Ts) for semi-enclosed slots (bs) / (Ts) ffi

(22)/ (26)



(157)

(158)

(158a)

(159)

(cont.)

I2R

m

76

Where 7_t is obtained from curve 8

Where the abscissa is (bbo) /(g') =

When 91 = 0 or when (90) = (91)

75 .75
_,, = _ = For round or square slots

When 91 _ 0 and when (90) _ (91)

(hbi) (91)
7C = 30)bl)(Kfl)= 3(89)(157)

Where _S = _)

(89_
= _ + (157) +

"T'b (94)Wher = -,- =
I:)

g

(157)

Where K_ 1 and K_2 are obtained from curve 8

Where the abscissa is (Tb) / (%) = (94) / (26)

STATOR I2R - at no load. This item = O.

for 100% load stator I2R.

Refer to item (173)

EDDY LOSS - at no load. This item = 0. Refer to item (173a)

for 100% load eddy loss.

TOTAL LOSSES - at no load. Sum of aH losses

Total losses = (Rotor I2R) + (F & W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

+ (Damper Loss)

= (146). (147) + (148) + (149) + (150) + (157)



(160) I_l _

(160a) e d

(160b) e

NOTE: The output sheet shows/he next items to be:

_1, (Rat_ + Losses), _ Loues), (_ _lc_ncy).

These items do not apply to the no load calculation

since the rating is zero. Refer to items (175), (176),

(177), (178) for these calculations under load.

Item (138) through (159) have been calculated for 0%

load or no load. They should all be repeated now for

10o%load.

LEAKAGE FLUX PER POLE at 100% load

O_, _ed)(F_ + El + c°s(0)_ (FT) + (Fc)__ = _'z_ (Fg) + (FT)+ (FC)

(160a)(131) + E1 +Cos(160b)](129)+ (130)
= (138) (13'1) + (129) + (130)

Where e d = cos _ + (Xd) sin

= cos (160b) + (83) sin (160b)

Where 0 = cos -1 _(Power Factor)J

Where

Where

-1
= cos E(9)_

_/= tan-I _ sin (0) +cos (Xq) /(lO0)_(e)

L_ cos _1_oo_ _j

(_ = _- 9 = (160b) - (160b)



(i61)

(16_.)

(163)

(164)

(165)

(166)

L'L.

_PTL

BpL

FpL

FFL

IFFL

FLUX PER POLE at 100_ load

FOa P.F.O ro ._95"

• O093(Xad) )_

e,o_ ,.._.._r ,-o,.o _p_ -C¢eX'_',:)_ 0z_Xga)
TOTAL FLUX PER POLE at 100% load

_PTL = _)PL + _.U = (161)+ (160)

FLUX DENSITY AT BASE OF POLE at 100_ load

_PTL

AMPERE TURNS PER POLE at 100_ load

_(76) + (76)_ Look-up ampere turns/inch on rotor
magneUzation curve _ven in (18) at
density (163)

TOTAL AMPERE TURNS PER POLE at 100% load- The total

ampere turns per pole required to produce rated load.

FFL = (ed)(Fg) +El + cos (9_ (FT) + (Fc) + (FpL)

- (160a)(131) +El + cos(160b)_(129) + (130) + (164)

FIELD CURRENT at I00_ load

IFF L = (FFL) / (Hp) = (165) / (99)



(167) l

(168)

IIR_q_

(17o)

(1"/1)

EFFL

WTFL

WpFL

79

CURRENT DENSITY at 100% load

Current Density = (IFFL) / (acf) = (166) / (106)

FIELD VOLTS at 100/o load - This calculation is made wifli-ho-t

field resistance at expected temperation at 100% load.

Field Volts = (IFFL) (Rfhot) = (166) (108)

Rn_OR T2R at lnnol^ 1_,o_ _ The _'*'_'=" 1,,o_ • ÷_ _',_ ,.,_,,_.,,_

is calculated with hot field resistance at expected

temperature for 100% load condition.

Rotor I2R = (IFFL)2(RFhot) = (166)2(108)

STATOR TEETH LOSS at 100% load - The stator tooth loss

under load increases over that of no load because of

the parasitic fluxes caused by the ripple due to the

rotor damper bar slot openings.

1.8
WTFL /u 27 (X.,)'_ (% Load) ]= " u_ I00 + 1 _,- _) (WTNL)

k

NOTE (Xd) iS in per unit

= . 7(83 1 + (148)

POLE FACE LOSS at 100% load

FFKsc) (IpH) (% _0;d) (ns)_ 2 1_WpFL = (L (C)(Fg) ._._J+ (WpNL)

=Jr-F(171)(8) 1 (30_ 2

CL (32)(131)J + 1} (150)

(Ksc) is obtained from Graph 3



(172)

(173)

(173a)

(174)

WDFL

I2R

DAMPER LOSS at 100% load

8o

WDFL =_L_ (C)(Fg) _j + (WDNL)

_-_-172)(8) 1 (30)-] 2 ,_,._., (97}

=11" (32)(131) "1 + x_xa,j

EL J J
(Ksc) is obtained from Graph 3

(-_D hot )

xGDcold)

STATOR I2R at 100% load - The copper loss based on the D.C.

resistance of the winding. Calculate at the maximum

expected operating temperature.

12R = (m)(IpH)2 (RsPHhot) (%100Load)

= (5)(8)2 (54)1.

EDDY LOSS - Stator I2R loss due to skin effect

I

(EFto p) +

Eddy Loss = ..... 2

_ (55) - (56)
2

(EFbot) -7

._..J

(173)

TOTAL LOSSES at 100% load - sum of all losses at 100% load

Total Losses = (Rotor I2R) + (F & W) + (Stator Teeth Loss)

+ (Stator Core Loss) + (Pole Face Loss)

+ (Damper Loss) + (Stator I2R) + (Eddy Loss)

= (169) + (147) + (170) + (149) + (171) + (172) + (173) + (173a)



e

(175)

(176)

(177)

(178)

_m RATING IN WATTS at 100% load

Rating ffi 3(EpH)_H) _/3 (P. F. )

= 3(4)(8) _f3

RATING & _ LOSSES=

(9)(1.)

(175) + (174)

% LOSSES --E_Losses / Ratiug + Z Losses_[

-  174)/(177) loo

I /%t'_

JLUU

% EFFICIENCY = 100% - % Losses

= 100% - (177)

Item (160) through (178) are 100% load calculations.

These items can be recalculated for any load condition

by simply inserting the values that correspond to the

% load being calculated. The factor (% Load)100 takes care

of (IpH) as it changes with load.

Note that values for F & W (147) and W C (Stator Core

Loss) (149) do not change with load, therefore they

can be calculated only once.

NO-LOAD-SATURATION - The next series of calculations

are for the no load saturation where the items are calcu-

lated for various voltage conditions. For the purposes

of this manual, a sample set of calculations for item (179)

through (190) are presented for 150% of rated voltage.

The calculations for any other voltage can be obtained by

simply using the values that correspond to the % load be-

ing calculated.



t

(179)

(180)

I

(181)

(182)

(183)

(184)

F

E,

B C

t

F C

no load saturation is not a standard output for the

computer. When 0 is inserted in item (179) "No Load

Sat" on input sheet, the computer will not calculate the

no load saturation. When 1 is inserted in item (179) on

input sheet, the computer will calcu_te the no load

saturation at 80, 90, 100, 110, 120, 130, 140, 150,

160% of rated volts. There is a standard output sheet

available, therefore the items will be read out to match

the sequence of calculations that follow:

VOLTS - Line volts

Volts = (Per Unit Voltage) (Rated Voltage)

: (1.5)(3)

AIR GAP AM___PE_RE_TURN.____S
V

Fg ffi (Per Unit Voltage)(Fg)

ffi (1.5)(131)

TOOT___._._HDEN_TY

B t = (Per Unit Voltage)(Bt)

= (1.5)(127)

TOOTH AMPERE TURNS PER POLE

Repe

CORE DENSITY

Repeat (129) using density (181)

B C = (Per Unit Voltage)(Bc)

(1.5)(128)

STATOR CORE AMPERE TURNS

Repeat (130) using density (183)

82



f

(185)

(186)

(187)

(188)

(189)

(190)

.!

Fs

t

!

_PT

Bp

!

Fp

FNL

.......... _:. _.:ii_̧

STATOR _ERE-TURNS

! f !

F S = F T + F C = (182) + (184)

LEAKAGE FLUX

¢_ = .00638 ) + (_'e

=. 00638 _88)+ (86)+ (87)-] [_185)

TOTAL FLUX / POLE

!

_pT = _Per Unit Voltage)(_p)_

= _1.5)(126)_ _186)_

POLE DENSITY

! !

Bp = (_pT)/(ap) =

POLE AMPERE TURNS

!

(187)/ (85)

Repeat (141) using densi_ (188)

+ (180)7 (76)

TOTAL AMPERE TURNS

f t t f

FNL = (F_ + (FS) + (Fp)

= (180) + (185) + (189)
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(1)

COMPUTER PROCEDURE

84

Insert the first output sheet to the typewriter and line up the carriage with

the mark on the top of the sheet. Set single space.

(2) Clear core for the 1st pass only.

(3) Load the Ist pass object program.

(4) Load the 1st pass data.

(5) Punch outputs which are the input data for the 2nd pass.

(6) Reset and load 2ud pass.

(7) Repeat steps (3), (4), (5) and (6) for 2nd to 5th passes.

(8) For the 6th pass, data of the two magnetization curves, the first for

stator and the second for the rotor, following the other data to be read in.

(9) If no load saturation data are required, outputs will be punched out from

the 7th pass and be used _, the 8th pass.

(I0) Insert the second output sheet to the typewriter as in step (1)before

processing the 8th pass.

(II) The two magnetization curves are included as input data in the 8th pass as

in the 6th pass.



(1) The last item on the last card (input data of the Ist pass) is the Design

Number. ,

85

(2) A thick line is drawn every six items on the input sheet.

INPUT DATA:-

(I) All input data are provided on the input sheet.

zatton curves are provided separately.

The data of the magneti-

(s) Data are punched on cards following the sequence of the input sheet,

first the left hand column and then the right hand column.

(3) Each card consists of six data starting from column 1, 13, 25, 37, 49

and 61 consecutively.

0.0

ooooooooeeel
123461 8 |UilID

111111111111

222222222222

333333333333

444444444444

555555555555

666666666666

777777777777

8888,1,8888,

23A$8 tWfl_

iNO;

IZ
_oo_eloooe6
0NEIOImm_n_

IIIIIIIIIII

!22222222222

133333333333

144444444444

555555555555

i66666665656

r77777777777

lellllellll8

199-9999589t9
INBR_B_m_DN

1-25
JllllOOO|8Ol

IIIIIIIIIII

22222222222

12"3
18118088800

lllllllllll

22222222222212

123. o / 23o. o
ooeooooooooooooooooooooooooooooo

111111111111111111111111111111111

22222222222_2222222222222222222

133333333.33 333333333333 I

144444444444_44444444444_

_55555555555

1666666566666

:777777777777
i
lllilillllil

!995998159598

33333333333;3

44444444444

555555555555

666666666666

177777777777

181188811118

189998899999

555555555555

666666666686i

777777777777,

118881818111

999999999999

3333333333333333333

44444444444444444444

55555555555555555555

66666666666666666666

77777777777777777777

11818188818881881888

99999999999999999999

(4) All data are in numerical and decimal form.

(5) The input sheet should be fully filled in.



(6)

(7)

I_

(9)

• 86

The magnetization curves are read in ampere turns per inch (magnetiz-

ing force) for every 5 Kilolines per square inch (induction) starting

from 0 to 140, that is totally 29 points for each curve.

Data for two magnetization curves are required. The first curve for the

stator and the second for the rotor. If both are of the same kind of ma-

terial, two identical sets are used.

The first seven passes are to be used to complete the first output sheet

and the 8th pass for the second output sheet.

Number of cards as input data to each pass:

Magnetization
No. of Pass Data Curve Total

1st 15 0 15

2rid 16 0 16

3rd 17 0 17

4th 16 0 16

5th 17 0 17

6th 11 10 21

7th 9 0 9

8th 2 10 12

(I0) Number of cards punched out from each pass:

No. of Pass _ .No. of Cards

1st 16

2rid 17

3rd 16

4th 17

5th 11



e

• (Io)conz,d

87

No. of Pass No. _ Cards

6th 9

7th 2*

8th 0

* It is zero when no load saturation data are not required.



INPUT SYMBOL _G

88

Calculation
Number

(2)

(3)

(4)

(S)

(Sa)

(6)

(7)

(8)

(9)

(9a)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(18)

(19)

(2o)

Electrical

Kva

E

EpH

m

f

P

Rpm

h,H
P.F.

L.P.

d

D

2

n
v

b
V

Ki

k

B

Fortran

Symbol

VA

EE

EP

PN

F

PX

RPM

PI

P.F.

CK

POL

DI

DU

CL

HV

BV

SF

SML

WL

BK

Explanation

Generator KVA

Line volts

Phase volts

Phases

Frequency

Poles

Speed

Phase current

Power factor

Adjustment factor

Load points

Stator inside diameter

Stator outside diameter

Gross core length

Number of radial ducts

Width of radial ducts

Stacking factor

Stator material

Watts/lb.

Density

Remarks



k

Calculation Electrical

Number Symbol

(21) --

(22) b°

(22) b 1

(22) b 2

(22) b 3

(22) b s

(22) h°

(22) h I

(29) h2

(22) hs

(22) ht

(22) h
W

(23) Q

(28) --

(29) --

Fortran

Symbot F.xphmatt_

ZZ Type c_ slot

BO

B1

B2

B3

BS

HO

HX

HY

HZ

HS

HT

HW

QQ

W

RF

(so) % sc

(31) y YY

(3_) ¢ c

Stator slot dimensions

Type of wtndt_

Type ci coil

Conductors/slot

Throw

Parallel paths

89

Remarks

1.0:a
2.0:b
3.0:c
4.0:d
5.0:e

0.0 delta

1.0 wye

0.0 random
1.0 formed



Calculation
Number

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(50)

(51)

(59)

(59a)

(71)

(48)

(74)

(75)

C/e)

Electrical

Symbol

Nst

db

£e2

hst

!

hst

Tsk

x°c

groin

gmax

c 1

C W

Cp

C
m

Cq

Fortraa

,Symbol

DW

SN

DB

CE

SH

SD

DT

SK

T1

RS

GC

GP

C1

CW

CP

EL

CM

CQ

BH

Explanation

Strand dia. or width

Strands/conductor

Diameter of pin

Coil extension straight
portion .,

Uninsulated height of
strand

Distance between CL of
strand

Stator strand thickness

Stator slot skew

Expected operating
O

temperature C

Resistivity of stator
winding

Minimum air gap

Maximum air gap

Ratio max. to min. of
fundamental

Winding constant

Ratio of ave. to max.

field form

End extension one turn

Demagnetizing factor

Cross magnetizing factor

Pole head width

Remarks

9O



Calculation
Number

(76)

(76)

(76)

(76)

(76)

(77)

(lla)

(16)

(18)

(108b)

(151)

(89)

(89)

(90)

(89)

(89)

(92)

(93)

(94)

(95)

Electrical

Symbol

b
P

hh

Jn
Cc

d
r

Ki
--u

K 1

hbo

hb I

bbl

%

/b

q"b

PD

Fortran

Symbol

BP

HH

HF

SQ

PL

PE

DR

RK

RML

WR

D1

WO

HD

DD

H

B

BN

SB

TB

RE

Explanation

Pole body width

Pole head height

Pole body height

Pole body length

Pole head !eng*_

Pole embrace

Rotor diameter

Stacking factor rotor

Rotor material

Weight of rotor iron

Pole face loss factor

Width of slot opening
(Damper slot)

Height of slot opening
(Damper slot)

Damper bar dia. or
width

Rectangular bar
thickness

Rectangular slot width

Number of damper bars

Damper bar length

Damper bar pitch

Resistivity of e_nper

bar at 20°C

91

Remarks



Calculation
Number

(96)

(99)

(lOO)

(101)

(102)

(103)

(104)

(179)

(147)

(174)

(175)

(176)

(177)

(178)

Electrical

Symbol

N
P

F&W

Fortran

Symbol

T3

PT

FE

RD

RT

T2

RR

SNL

WF

DNO

SP

VA

P

PM

E

FJ_]anation

Expected operating bar

temp. in °C

Number of field turns

Mean length of field
turns

Field conductor diameter
or width

Field conductor
thickness

Expected operating temp.

in °C

Field conductor resistivity

at 20°C

No load saturation

Friction & windage loss

Design number

Total loss (F. L. )

Rating in KW (F.L.)

Rating + losses (F. L. )

Percent losses (F. L. )

Percent efficiency
(F.L.)

Remarks

0.0 no

I. 0 yes

92 _



OUTPUT SYMBOL LISTING

93

Calculation
Number

(17)

(24)

(26)

(27)

(42)

(43)

(44)

(45)

(46)

(47)

_49/

(53)

(54)

(ss)

(56)

(6,-)

(63)

(65)

(66)

(41)

(85)

Electrical

Symbol

h
C

%

% 1/3

Ka
K

P

a
C

S s

_t

RPH(cold)

%HO  t)

EF(top) •

EFcoot)

rp
a

P

Fortran

Sy=bol

SS

HC

TS

TT

FS

DF

CF

EC

AC

S

HM

RG

RP

ET

EB

PC

EW

WC

VII

TP

AP

Explanation

Solid core length

Depth below slot X 2

Slot pitch

Slot pitch 1/3 dist. up

Skew factor

Distribution factor

Pitch factor

Effective conductors

Strand area

Current density (stator)

./=. mean _-'.-n

Cold stator resistance at 20 °C

Hot stator resistance at X °C

Eddy factor top

Eddy factor bottom

Stator conductor permeance

End permeance

Weight of stator copper

Weight of stator iron

Pole pitch

Pole area



catcutatioa
Number

(86)

(87)

(88)

(89)

(9O)

(91)

(108a)

(108b)

(98a)

(132)

(133)

(134)

(135)

(136)

(137)

(67)

(68)

(70)

(69)

(71)

(72)

(73)

(48)

E]ec_

Symbol

_u

_sl

acf

R£(cold)

Rf(hot)

mm

vr
!

Tdo

T a

T d

T d

Fsc

SCR

ge

c 1

C
w

Cp

Fortran

Symbol

ES

TL

SL

AS

FK

FR

RC

WR

VR

TC

TA

T5

T4

FSC

SCR

CC

GA

AG

GE

C1

CW

CP

EL

Explanation

Pole end leakage permeance

Pole tip leakage permeance

Pole side lea_,_e permeance

Field cond. area

Cold field resistance at 20°C

Hot field resistance at X °C

Weight of field copper

Weight of field iron

Peripheral speed

Open circuit time constant

Armature time constant

Transient time constant

Subtransient time constant

Short circuit ampere turns

Short circuit ratio

Carter coefficient

Air gap area

Air gap permeance

Effective air gap

Ratio max to fundamental

Winding constant

AVE/maximum field form

End extension one turn
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Calculation
Number

(74)

(75)

(78)

(79)

{RO_
ivw#

(81)

(82)

(83) '

(84)

(112)

(113)

(115)

(117)

(118)

(119)

(12o)

(121)

(122)

(123)

(124)

(126)

Electrical

Symbol

C M

Cq

A

X

x_

Xad

xd

xq

X F

L F

XDd

XDq

!

xd
w

X d

X2

Xo

Fortran

Symbol

CM

CQ

A

XI_

XL

XL

XQ

XA

XB

XF

SI

XI

X2

XU

XS

XX

XY

XO

TG

FQ

Explanati(m

Demagnetization factor

Cross magnetizing factor

Ampere conductors/in.

Reactance factor

rea.._...ce

Reactance direct axis

Reactance quadrature axis

Synchronous reactance direct axis

Synchronous reactance
quadrature axis

Field leakage reactance

Field self inductance

Leakage reac_.nce m _ect axis

Leakage reactance in

quadrature axis

Unsaturated transient reactance

Saturated transient reactance

Subtransient reactance direct axis

Subtransient reactance

quadrature axis

Negative sequence reactance

Zero sequence reactance

Total flux

Flux per pole
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Calculation
Number

.. , ,.

(12s)

(127)

(128)

(129)

(130)

(130)

(13s)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

(147)

_ (148)

(149)

(150)

(157)

(i58)

(158a)

(159)
_-._ ,_ r_ . •:

Electrical

symbol

Bg

B t

B c

F t

F_
t_

F
g

¢I

_PT

Bp

Fp

FNL

IFNL

S F

E F

F&W

WTNL

W c

WpNL

WpNL

I2Rs

Fortran

Symbol

BG

TE

BX

FX

AT

FH

UX

TF

PD

FA

FN

FI

CD

EF

PR

WF

ST

wQ

WN

DL

PS

EX

SP

Explanation

Gap density

Tooth density

Core density

Tooth ampere turns

Core ampere turn_.

Gap ampere turns

Leakage flux (No load)

Pole flux (N. L. )

Pole density (N. I_ )

Pole ampere turns (N. L. )

Total ampere turns (N. L. )

Field amperes (N. L. )

Current density (Field) (N. L. )

Field volts (N. L. )

Rotor loss (N. L. )

Friction & windage loss (N. L. )

Stator tooth loss (N. L. )

Stator core loss (N. L. )

Pole face loss (N. L. )

Damper loss (N. L. )

Stator copper loss (N. L. )

Eddy loss (N. L. )

Total loss (N. L. )
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Calculation
Number

(160)

(162)

(163)

(164)

/1R5_

(166)

(167)

(168)

(169)

(147)

(17o)

(149)

(171)

(172)

(173)

(173a)

Electrical

Symbol

¢JI

0PTL

BpL

FpL

- FL

IFFL

SF

EFFL

12RR

F&W

WTFL

wc

WpFL

WDFL

I2Rs

Fortran

symbel

GZ

GL

FD

FB

CD

EF

PR

WF

ST

WQ

PP

DL

PS

EX

Explanation

Leakage flux (Full load)

Pole flux (F. L. )

Pole density (F. L. )

Pole ampere turns (F. L. )

Total ampere turns (F. L. )

Field amperes (F. L. )

Current density (F. L. )

Field volts (F. L. )

Rotor loss (F. L. )

Friction & windage (F. L. )

Stator tooth loss (F. L.)

Stator core loss (F. L. )

Pole face loss (F. L. )

Damper loss (F. L. )

Stator copper loss (F. L. )

Eddy loss (F. L. )
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DIMENSION

I

2 _ORMAT(40X F12.5)

3 FORMAT(9X FI2.5,2X F12.5)

33 READI, VA, EE,EP,PN,F,PX

READI, RPM,PI,PF,CK,POLpDI

oc^nl DU,r. u. BV SF SML

READI, WL,BK,ZZ,BO,BI,B2

READI, B3,BS,HO,HX,HY,HZ

READI, HS,HT,HW,QQ,W,RF

READI, SC,YY,CpDWpSN,DB

READI_ CEpSHpSDpDT,SK,TI

READI, RS,GCpGP,Cl,CW_CP

READI, EL,CM_CQ,BH,BP_HH

READI, HFtSQ_PL_PE_DRpRK

READI, RML,WR_DI,WO,HD,DD

READI, H_BpBNpSB,TBpRE

READI, T3jPTpFEBRD,RT,T2

READI, RRpSNLpWF,DNO

PRINT2,DNO

SS=SF*(CL-HV*BV)

HC=(DU-DI-2.0*HS)*0.5

ZY-O.7*HS

IF (HC-ZY) 33,33,5

5 QN=QQ/(P.X*PN)

TS=3. 142"D I/QQ

IF (ZZ-.4. O) 29,30, 29

29 TT-(O.667*HS+DI)*3.142/QQ

GO TO 31

FORTRAN SOImCE PROaRAM
i

DA (8), DX(6), DY (8), DZ (8)

FORMAT (F 12.5,F12.5, F 12.5, F12.5,F 12.5,F 12.5) "
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7

30 TT=( (2.0*HO+BS)*O.66+D I)*3.14161QQ

31 tF(ZZ-I.0)6,6,7

6 CC=(5.0*GC+BS)*TS/((5.0*GC+BS)*TS-BS*BS)

GO TO 8

7 QC= (4.44"GC+0.75*BO)*TS

CC=QC/(QC-BO*BO)

8 CS=YY/(PN*QN)

TP=3. 142-D I/PX

FS=S IN (I. 57 I*SK/TP )*TP/( I. 571 *SK)

ZY=PX*PN

U=O .0

9 U=U+I .0

DM=U*ZY

IF (O0-DM) 11, I0,9

10 DF=SIN(1.5711PN)I(QN*S IN(1.571/(PN*QN)))

GO TO 12

11 DF=S I N( 1.57 I/PN)/(qQ*S IN( 1.57 I/(QQ*PN)) )

12 Cr=S I N (YY'1.57 I/(PN*QN) )

EC=QQ*SC*CF*FS/C

I!_(DT) 13,1), 14

13 AC=O. 785*DW*DW

GO TO 24

14 ZY=O.O

DA(I)=0.05

DA(2)=0.072

0A(3)=0. 125

DA(4)=O. 165

DA(5)=0.225

• / .



15

• DA(6)=0o438

DA(7)=0.688

DA(8)=t .5

ox(1 )=o.oootz_

DX(2)=O.O002i

DX{3)=O.O0021

DX (4)=0.00084

DY(5)=o.nn 1R9

DX(6)=0,00189

DY(1)=0.000124

DY (2)=0.000124

DY(3 )=0.00084

DY (4)=0.00084

DY(5)=0.00189

DY (6)=O.00335

DY (7)=0°00754

DY(8)=0.03020

_- ( I )=o.ooo i 24

DZ (2) =0.000 | 24

DZ (3)=0,000124

DZ (4)=O.00335

DZ (5 !=O.OO3.35

DZ (6)=0. oo75_

DZ (7)=0.0134

OZ (8)=0.0302

JA=O

JB=O

JC=O

JD=O

.tOO



16 JA=JA+I

JB=JB+I

JC=JC+l

JD=JD+I

IF (DT-DA(JA)) 17, 17, 16

17 IF (DW-O. 188) 18,18,19

18 CY=DX(JB-1)

CZ=DX(JB)

GO TO 22

19 I F (D91-0.75) 20, 20, 21

20 CY=DY (JC-1)

CZ=DY(JC)

GO TO 22

21 CY=DZ (JD-I)

CZ=DZ (JO)

22 D=CY+(CZ_Cy)*(DT-r)A(JA-I))/(DA(JA)-DA(JA-I))

IF(ZY) 23,23,27

23 AC=DT*DW-D

24 IF (RT)25,25,26

25 AS=O. 785*RD*RD

GO TO 28

26 ZY=I .0

GO TO 15

27 AS=RT*RD-D

28 S=PI / (C*AC)

PUNCHI,VA, EE,EP,PN_F,PX

PUNCH! pRPMI P I,PF _CK, POL,D I

IOt



PUNCH1

PUNCH1

PUNCH1

PUNCH1

PUNCH1

PUNCH1

PUNCH!

PUNCH1

PUNCH1

PUNCH!

PUNCH1

PUNCH1

PUNCH1

PUNCH1

PAUSE

END

,DU,CL,SS,HC,SF,ON

,WL,BK,ZZ,BO,B1,B2

,B3,BS,HO,HXpHY,HZ

,HS,HT,HW, QQ,W,RF

,SC,YY,C,TS,SN,DB

,CE,SH,SD,TT,SK, TI

_RS,GC,GP.C!_CW.CP

,EL,CM, CQ, BH,BP,HH

,HF,SQ, PL,PE,DR, RK

,CC,WR,DI,WO,HD,DD

,H,B,BN,SB,TB,RE

,T3,PT,FE,RD,RT,T2

,RR,SNL,WF,CS,AS,FS

,TP,DF,CF,EC,AC,S

I02



I03

1 FORHAT(F12.5,F12.5,FI2.5,F12.5,F12.5,F12.5)

3 FORHAT(gX F12.5,2X F12.5)

READ1, VApEE,EP,PN,F_PX

READ;, RPH, PI,PF,CK,POL,DI

READ1, DU,CL,SSpHC,SF,QN

READI_ WL_BK_ZZ,BO_B1-pB2

READI, B3pBSpHOpHXpHY,HZ

READ1, HS,HTpHW,QQ,W, RF

READ1, SCpYYpC,TS,SN,DB

READ1, CE_3H_SD,TT,SK, TI

READ1, RS,GCpGPpClpCW, CP

READI_ EL,CHpCQ, BHpBPpHH

READ1, HF,SQ, PL,PE,DR,RK

READI, CCpWR,DIpWOpHD,DD

READ1, HpBpBNpSBpTBpRE

Qr^nl T3 oT FE, ,, ,.,, RD oT T2

READ1, RR,SNL,WF,CS,AS,FS

READI, TP,DF,CF,EC,AC,S

GA=3.1_2*DI*CL

AG-6.38*DI/(PX*GC*CC)

GE-CC*GC

IF(C1) _,_3,_

h3 CI-(0.6k9*LOG(PE)+I.359)*((GC/GP)**0.352)

IF(CW) 5,45,46

45 CW-O.707*EE*CI*DF/(EP*PN)

46 TG-6OOOOOO.O*EE/(C_C*EC*RPH)



?

BG,.TG/GA ..

IF (CP)h7,47,48

47 CP=(GClGP)**O.41*PE*(LOG(GClTP)*.0378+l • 191 )

48 FQ-,TG*CP/PX

I F (ZZ-3.0)49, 50, 51

49 SH..TT-BS

GO TO 53

50 SH,.TT-B2

GO TO 53

51 IF (ZZ-4.0)50p52p49

52 SH,,TT-BS* (O. 5511-.O. 888*HO/B S )

,53 TE-TG/(QQ*SS*SM)

BX.O ..5*F Q/(HC*SS )

IF(EL) 5_, 54,62

54 IF(RF)55,55a;61

55 IF(PX-2oO) 56,56,57

E_ II--1 2

GO TO 60

57 tF(PX--_oO) 58,58,59

58 U-1.5

GO TO 60

59 u-1.7

60 EL-3. I_2*U*YY*(D I+HS)/QQ+O.5

GO TO 62

61 EL-2.O*CE+(3. 142*(O.5*HX+DB) )+(YY*TS*TS/(SQRT (TS*TS-BS*BS)) )

62 I.II_CL+EL

RY"SC*QQ*HM/(PN*AC*C*C)

R X-RS*O. OOO001

I04



63

64

RB=(TI+23k.5)*O.OO39k*RX

RG=RX*RY

RP=RB*RY

AA=O.584+(SN*SN-I.O)*0.O625*(SD*CL/(SH*HH))**2.0

AB-(SH*SC*F*AC/(BS*RB*IO00000.O))**2.0

ET=AA*AB*O.00335+l .O

EB-ET--O. O0108*AB

IF(CM)63,63,6_

AA-SIN(3.1k2*PE)

AB=SIN(1.S71*PE)*4.0

CM...(3.142*PE+AA)/AB

A-PI*SC*CF/(C*TS)

PRINT3,SSwCC_HC,GApTS,AG,TT,GE,FS,C1,DF,CW, CF,CP,EC,EL,AC,CM

PUNCHlpVABEEpEPpPNpF,PX

PUNCH1,RPH,PIpPF,CK_POL,DI

PUNCHT

PUNCH1

PUNCH1

PUNCH1

PUNCH1

PUNCHI

PUNCH1

PUNCH!

PUNCH1

PUNCH1

PUNCHI

PUNCH!

PUNCHI

,DU, CL,SS,HC,SF,QN

,WLtBK,ZZ,BO,B1,B2

,B3,BSpHO,HX,HY,HZ

,HSpHT_HW,QQ,W,GE

,SC_YY_CpTSpBG,TG

,FQ, TE_BX,TT,HM, SM

,RGsGC,RPpCI,CW, CP

,EL,CH,CQ, BH,BP,HH

,HFwSQ,PL,PEpDR_RK

pCCpWR_D1,WO,HD,DD

pH,BtBNpSB,TB,_

,T3pPT_FEpRDpRT,T2

IRRISNL,WF,CSpAS,ET

106



PUNCH1pTP,DF,CF,EB,AC,S

PUNCHlpAGwA

PAUSE

END

106

.P



107

1FORHAT(F12.5,F12.5,F12o5,F12.5,F12.5,F12.5)

3 _ORMAT(9× F12.5,2X F12.5)

READ1, VA_EEpEP,PN,F,PX

READ1, RPM, PI,PFpCKpPOLpDI

READI, DU_CL,SS,HC,SF,QN

READ!, WL,BK,ZZ,BO,BI,B2

READlp B3pBSpHO_HX,HYpHZ

READ1p HSjHTpHWpQQpW,GE

READ1, SC,YY, C,TS,BG,TG

READ1, FQpTEpBXpTTpHH, SH

READ1, RG,GC,RP,ClpCW, CP

READ1, ELpCH, CQ,BH, BP,HH

READ1, HFtSQ_PL,PE,DR,RK

READ1, CCpWRpDIpWOpHD,DD

READ1, H,B,BN,SB,TB,RE

_c_ul,.... T3,PT,FEpKu,KI,T2

READI. RRpSNL.WF.CS_AS_ET

READ1, TPpDFpCF_EBpACpS

READ1, AG_A

IF(Cq)69,69,70

69 AA'I.571*PE

AB'3.1_16*PE

CQ'(O.5*COS(AA)+AB-SIN(AB))/(4.0*SIN(AA))

70 XR'.O707*A*DF/(CI*BG)

IF(PN-2oO)71,71',72

71FF-YY/(PN*QN)

GO TO 75

72 IF(ZZ-5.O) 74,73,74



-73 FF=I.O .

GO TO 75

74 FF-O. 25-(3.0*YY/(PN*QN) +I .O)

7.5 CX-FF/(CF*CF*DF*DF)

Z=CX*20.O/(PN*QN)

BT=3. 142-D I/QQ-BO

z A,,BT*BT / ( 16. O*TS*GC )

ZB=O.35*BT/TS

ZC-HO/BO

ZD-HX*O.333/BS

ZE=HY/BS

IF(ZZ-2.O) 76,77,78

76 PC-Z*(ZE+ZD+ZA+ZB)

GO TO 82

81

82

85

77 PC=Z*(ZC+(2.O*HTI (BO+BS))+(HWIBS )+ZD+ZA+ZB)

GO TO 82

78 IF(ZZ-4.0) 79,80:81

79 PC-Z*(ZC+(2.0_','HT/(BO+B1 ) )+(2.0_'HW/(BI+B2) )+(HX*O.333/B2)+ZA+ZB

GO TO 82

80 PC-Z* (ZC+0.62)

GO TO 82

PC"Z* (ZE+ZD+(O. 5*GC/TS) +(0.25"TS/GC) +0.6)

EK-EL/( 10.0"* (0.103*YY*TS+O °402) )

IF(D I-8.0) 83,83,8_

EK-SQRT (EK)

ZF-. 612*LOG ( I 0 ° O*CS)

EW=6.28*EK*Z F* (TP** (0.62-(0. 228*LOG (ZF) ) ) ) / ( CL*DF*DF )

I F (PN-3 .O)85,86,86

ZC=O. 1*D I *S ! N (3.0_yy/(pN*QN) )-1.57/(PX*GE*CF )

108



109

86

87

88

89

9O

GO TO 87

ZC=O.O

XL=(PC+EW+ZC)*XR

XD-XR*AG*CI*CM

XQ=XR*CQ*AG

WC=O.321*SC*QQ*AC*HM

ZA=3.1416*(D!+HS)/QQ

IF(ZZ-3.0) 88,89,88

TM=ZA-BS

GO TO 90

TH.=ZA-(BI+(1.O-O.5/(1.O-(HO+HT)/HS))*(B3-B1))

PRINT3,S,CQ,HM,A,RG,XR,RP,XL,ET, XD,EBjXQ

PUNCHI,VA, EE,EP,PN,F,PX

PUNCHI,RPM, PI,PF,CK,POL,DI

PUNCHI,DU,CL,SS,HC,PC,QN

PUNCHI,WL,BK, ZZ,BO,XD,XQ

PIINPH1 VD _C Vt uv uv HZ
• _,,_,, • p ,_J_I _D ll_j lIApI t t p

PUNCHI,HS,WC,AC,QQ,W,GE

PUNCHI_SC,YY_C,TS,BG,TG

PUNCHI,FQ, TE,BX,TT,EW,AG

PUNCHI,RG,GC,RP,CI,TP,CP

PUNCHI,DF,CM, CF,BH,BP,HH

PUNCHI,HF,SQ, PL,EB,DR,RK

PUNCHI,CC,WR,DI,WO,HD,DD

PUNCHI,H,B,BN,SB,TB,RE

PUNCH1,T3,PT,FE,RD,RT,T2

PUNCH1,RR,SNL,WF,CS,AS,ET

PUNCH1,TM

PAUSE



][10

I

3

I00

I01

FORHAT (F12.5,FIZ.5,F12.5,FI2.S,F 12.5,F 12.5)

FORHAT(gX F12.5,2X F12.5)

READ1. VABEE,EPBPN_F,PX

READ1• RPMIPIpPFBCK, POLpDI

READ1, DU.CL,SS,HCpPCBQN

READ1, HLpBKpZZ,BO, XDB XQ

READ1 • XRpBS,XLpHX,HYpHZ

READI. HS.WC.AC.QQBHpGE

READlp SC.YY.C.TS_BG.TG

READ1 p FQ. TE.BX.TTsEW. AG

READ1• RG.GC.RP.CI,TP,CP

READI, DFBCM. CF.BH BP,HH

READ!. HF. S0.PL,EB.DR.RK

READ1. CC.klR. DI .IRK). HD. DD

READI. HpBpBN. SBpTB.RE

READI • T3.PT.FE.RD.RT,T2

READI RR. SNL.WF.CSpAS.ET

READ1 TM

W I = (TH tQQ*SSWlIS+(DU-HC ) *3 ' 142*HC*SS )*O 283

AN=O O

AN=AN+O.O05

AL--COS (AN)

IF(PF-AL) 100,100,101

VR,,O. 26 2*DR*RPM

AP=B P*S{_P'q_K

SL-HF/( (DR-2.O*HH-O. 5,1-1F)-3. 142/PX-BP)

ES=( (PL-CL)*2.O+HF+O. 25*BP )/CL



102

103

104

105

106

TL,- (HH+GC-TP / 18.0 ) "2 .O/(T P-BH)

FH-BG*GE/O.OO319

ZG-PT*P X*F E*O. 000001/AS

FK,,RR*ZG

FRm( T2+234.5 ) *FK*O. 003 94

RC-O. 321 *PT*P X*F E'AS

RL-( 1.5*TL+SL)*4.25+6.38"ES

XF-( 1.0-Cl/( (1.273*RL/AG+2.0*CP)*CH))*XD

S I - ( 1.571 *CPWAG+RL) *PT*PT*P X*SQ*O. 0000000 I

IF(DD) 103,103,102

ZG-O. 62

GO TO 104

ZG-O.333*H/B

BD-- (HD/WO+ZG+O o5) w6.38

BE- (BH-(BN-1.0)*TB)*2.127/GE

P1- ( BD+BE ) *RL*COS ( ( BN- 1.0 ) *TB*I. 572/TP ) / ( BD+B E+RL )

XI-XR*PI

P2- (HD/WO+Z G+O. 5+GC/TB ) *20. O*TB/T P

X2-XR*P2

XA-XL+XD

XB-XL+XQ

XU-XL+XF

XS-O.88*XU

IF (BN) 105, IO5,106

XX-XS

XY-XB

GO TO 107

XX-XL+X I

3LJLX



107

108

109

110

111

112

°.

XY-XL+X2

XN=(XX+XY)*0.5

TC=SI/FR

RA=PN*PI*PI*RP*O.OO1/VA

TA-XN/(628.4*F*RA)

TS-XS*TC/XA

IF (F--60.O) 108,108,109

T_-0.035

GO TO 1 I0

TLI.-OoO05

IF(WF)111,111,112

WF-DR**2.5*(RPH**l.5)*PL*O.O0000252

WQ-(DU-HC)*I.k2*HC*SS*(BX/BK)**2.0*WL

WT-(TT-BS)WQQ*SS*HS*O._53*(TE/BK)**2.0*WL

PRINT3,PC,XA, EWpXB,WCpXF,WI,SI,TP,X1,AP,X2,ES,XU,TL,XS,SL,XX,AS,X

PRINT3,FK, XN

PUNCH1.VA,EE,EP,PN,F.PX

PUNCH1,RPH,PI,PF,CK, POL,DI

PUNCH1pDU,CL,SS,HC_PC,QN

PUNCH1,WL,BK,ZZpBO, XD,XQ

PUNCH1,XR,BS,TL,HX,HY,HZ

PUNCH1,HS,ES,AC,QQ,W,GE

PUNCH1,SC.YY,C,TS,BG,TG

PUNCH1,FQ, TE,BXpTT,EW, AG

PUNCHIpRG_GC,RP,CI.AP,P2

PUNCH1,DF_SL.CFpFH,BPpHH

PUNCH1pHF,SQ_PLpEB,DR,RK

PUNCH1,CC,WR,D1pWOpTC,DD

113,



113

PUNCH1,H,B,BN, SB,TB,RE

PUNCH1,T3,PT,VR,RD,RT,W'I"

PUNCH1,WQ_SNI.,WFpCS,ASpET

PUNCH1,FK,FR,XA,XB,TS,T4

PUNCH1,AN,AL,RC,TAjHD

PAUSE

END



114

!

3

113

120

FORHAT(F12.5,F12.5,F12.S,F12.S,F12.5,F12.5)

FORHAT(gX F12.5,2XF12.S)

READI, VA,EE,EP,PNgF_PX

READ1, RPHIPI,PFpCK, POL,DI

READ1, DUpCL,SS_HC,PC,QN

READ1, WL,BK,ZZ,BOpXD,XQ

READll XR, BSpTLpHXpHYpHZ

READ1, HS,ES,AC,QQ, W.GE

READI_ SC_YY, C,TSpBG.TG

REA01, FQpTEpBX_TTpEW_AG

READlp RGpGCpRP,Ci,APpP2

READlp DF_SL,CF,FH_BP_HH

READI_ HF,SQ_PLpEB,DRpRK

READI_ CC,WR.,DI,WO,TC,DD

READ1p HpB_BNjSBpTB_RE

READI_ T3,PT,VRpRD,RT,WT

READI. WQ_SNL.WF_CSpASpET

READ1. FKsFR_XApXBpTSpT4

READ1. AN_AL_RCpTA_HD

GT=BS/GC

IF(GT-3.75) 113,11_,I1_

AA=10.O**O.178/((GT-1.O)**O.334)

GO TO 115

AA=10.O**O.11/((GT-I.O)**O.174)

GF=AA*PI*SC/(C*FH)

IF(SC-1.0)120,121,122

A5=O.O



GO TO 129

121 AX=I .0

AY= 1.0

GO TO 125

122 AX=3.0*YY/(PN*QN)-2.O

IF (CS -O.667) 123,124,124

123 AY= 1.5*YY/( PN*0. N) -O. 25

GO TO 125

124 AY=. 75*YY / (PH*0.N) +O. 25

125 A3=AX*P2/AY

A4=O. 07*AX*AG / (CF*CF)

IF(AX) 120, 120, 126

126 IF (BN) 127. 127,128

127 AS==A4

GO TO 129

128 A5= (A4+A3) / (A3*Ah)

129 IF'(W) 130,130,131

130 XO=O.O

GO TO 132

131 AA=(3.0*HZ+HX)*1.667/(PN*QN*CF*CF*DF*DF*BS)

XO=( ( PC+A5) *AX/AY+AA+O • 2*EW)*XR

132 D2=BG**2.5"0.OOO061

D3= (0.0167*Qq*RPH)** 1.65*0 • 0000 i 5147

IF (TS-O.9) 133,133,134

133 D4=TS**I. 285*0.8 I

GO TO 1.37

134 IF(TS-2.0) 135,135,136

135 D4=TS**I. 145"0.79

o lls



GO TO 137

136 D4=TS**0.79*0.92

137 D7=BO/GC

IF(D7-1.7) 138,138,139

138 D5=D7**2.31"0.3

GO TO 144

139 IF(D7-3.0) 140,140,1_.1

140 D5=D7**2.0eO.35

GO TO 144

141 IF(D7-5.0) 142,142,143

142 D5=D7**I.4*0.625

GO TO 144

143 D5-D7**O. 965"1.38

144 D6= I0.0"*(0.932"C I-I. 606)

BA=3. 142"D I*CL

WN=D 1*D 2*D3*D4*D 5*D6*B A

UY= (SL+E S+TL )*SQ*O .00638

AA=WO / (GC*CC)

I F (AA-O.65) 145,145,146

145 VT=LOG (10. O*AA)*(--O. 242) +0.59

GO TO 147

146 VT=O.327-(AA*O. 266)

147 UZ= (DU-HC)*O.7850/PX

EZ- (ET+EB)*O.5-1.0

AA=PN*P I *P !

PU=AA*RG

PV=AA*RP

VV=EE*P I*PF*I. 732

• 4 ..... "

116
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F_C=XA*FH*O.01

PRINT3,FR,XO,RC,TG,V_,FQ,VR,BG,TC,TE,TA,BX

PUNCH|,VA, EE,EP,PN,F,PX

PUNCHI,RPM,PI,PF,CK,POL,TB

PUNCHI,BO,GC,HH,HF,SQ,DR

PUNCHI,SB,RE,T3,PT,TS,T4

PUNCHI,WO,DD,H,BN,GF,VT

PUNCHI,SNL,TS,CC,BG,FK,AP

PUNCH|,FQ, TE,BX,FR, XD,FH

PUNCH|,WQ,WT,AN,AL,XA,WF

PUNCHI,AS,HS,B,GE,BP,XB

PUNCHI,WN,UY,UZ,EZ,PU,VV

PUNCHI,FSC,PV,HD

PAUSE

END



118

1

3

DIMENSION FY(5),PA(5),ED

DIMENSION FI(5),EF(5),CD

FORMAT(F12.5,FI2.5,FI2.5

FORMAT(9X FI2.5,2X F12.5

FORMAT

READI,

READI,

READI,

READI,

READI,

READI,

READ|,

READIp

READIp

READI,

READI,

READI,

READI,

READI,

READI,

READI,

READ I,

READI,

READI,

READI,

READI_

GO TO I

(F11.3,SX F11.3,F

VA, EE,EP,PN,F,PX

RPM, PI,PF,CK, POL,TB

BO_GC,HH,HFsSQpDR

SB,RE,T3,PT,T5,T4

WO,DD,H,BN,GF,VT

SNL,TS,CC,BG,FK,AP

FQ,TE,BX,FR,XD,FH

WQ,_,AN,AL, XA,WF

AS,HSpB,GE,BP,XB

WNpUY,UZ,EZ,PU_VV

FSCpPV,HD

R(1),R

R(7),R

R(13),R(14)

R(19),R(20)

R(25),R(26)

R(30),R(31)

R(36),R(37)

R(42),R(43)

R(4_),R(49)

R(54),R(55)

99

(2),R(3),R(4),R(5),R(6)

(8),R(9) ,R(10) ,_(11 ) ,R(12)

,R(15),R(16),R(17),R(18)

,R(21),R(22),R(23),R(24)

,R(27),R(28),R(29)

,R(32),R(33),R(34),R(35)

,R(38),R(39),R(40),R(41)

,R(44),R(45),R(46),R(47)

,R(50),R(51),R(52),R{53)

,R(56),R(57),R(58)

(5),GX(5),GZ(5),GL(5),FD(5),FX(5),FB(5)

(5), O(4),R(58)

,FI2.5,F12.5,F12.5)

)

11.3,FII.3,F11.3)



2OO V .0--0.0

202 R_=R (L

L=L+I

RH--R(L)

VL=VQ+5.0

I F (VL-BF) 203,203,204

203 V .(P=VL

GO TO 202

204 Q( J)= (RN-RM)*(BF-VQ)/5 oO+RM

GO TO (208,209,210,214.),J

199 L=I

J=1

BF=BX

GO TO 200

208 AT=UZ *n (J)

L=I

J=2

BF=TE

GO TO 200

209 FT=Q(J_*HS

.':;A=FT+AT

U X= ( SA+F H) *UY

TF=FQ+UX

PD=TF/AP

J=3

L=30

BF=PD

GO TO 200

210 FA= (HF+HH) *O..(J)

119



221

211

212

213

21/_

i

FN==SA+FA+FH

SCR-FN/FSC

PRINT3,TS,FTpT4,AT,FSC,FH

FORMAT (gX F12.5/)

PRINT221,SCR

YL=O. O00OO 1

FW-FK

M=I

Y=IOO.O/YL

FY(M)=ATAN((BX/Y+S IN(AN))/AL)

PA(H)=FY(H)-AN

ED(M)=XA*S I N(FY(M))/Y+COS (PA(M))

GX (M)= (ED (M)-(O. 93*XD*S I N (FY (M))/Y) )*FQ

1F (PF-O. 95) 213,213,212

GX(M)=GX(M)*CK

GZ (M)= ((1. O+COS (AN)) *FT+AT+ (FH*ED (M) ))*UX/(FH+S A)

GL (M) =GX (M) +GZ (M)

FD (M) =GL (M)/AP

J=4

L=30

BF=FD(M)

GO TO 200

FX (M)= (HF +HH) "_( J )

FB (M) = ( 1.0+COS (PF))*FT+AT+F X (M)+ED (M)*FH

F I (M)-FB (M)/PT

EF (M)-F I (M)*FW

CD(M),=F I (M)/AS

M=,H+I

I F (M--3) 215,216,217
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216

217

218

219

220

YL=I.0

FW=FR

GO TO 211

YL=I .5

GO TO 211

IF (H.-5) 218,219,220

YL=2 o0

GO TO 211

YL=POL

GO TO 211

PRINT4, GZ(I),GZ(2),GZ(3),GZ(4),GZ(5)

PRINT4,GL(1),GL(2),GL(3),GL(4),GL(5)

PRINT4,FD(1),FD(2),FD(3),FD(4),FD(5)

PRINT4,FX(1),FX(2),FX(3),FX(4),FX(5)

PRINT4,FB(1),FB(2),FB(3),FB(4),FB(5)

PRINT4, FI(1),FI(2),FI(3),FI(4),FI(5)

PRINT4,CD(1),CD(2),CD(3),CD(4),CD(5)

PRINT4,EF(1),EF(2).EF(3),EF(4)jEF(5)

PUNCH|,FI(I),FI(2),FI(3),FI(4),FI(5)

PUNCHI,EPpPN, F,PX_WQpWT

PUNCHI,BO_GC,HHpHFpPOL,TB

PUNCHI,SB,REpT3BHS_FK_FR

PUNCH|_WODDD_H,BN,GF_VT

PUNCHIpSNLpTSsCCpBGpAP,B

PUNCHIpFQ, TEpBX_FHpXApWF

PUNCH|,WN,UY,UZpEZpPU_VV

PUNCHIpPVpHD

PAUSE

END
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4

150

151

15z

153

160

161

162

:,. _, -;; ........ L.._....

DIMENSION PR(5),FI(5),PS(5),G(5),DL(5),PP(5),EX(5),ST(5),VA(5)

DIMENSION P(5),E(5),PM(5),SP(5)

FORMAT(F12.5)F12.5)F12.5)F12.5,F12.5)F12.5)

FORMAT (F11.3,8X F11.3)F11.3)F11.3,Fll.3)

READ1, F I (1),FI (2))F I (3))FI (4),FI (5)

READ1) EP)PN,FpPX)WQ,WT

READ1) BO)GC_HH)HF)POL)TB

READ1) SB)RE)T3)HS,FK)FR

READ1) WO,DD,H)BN)GF,VT

READ1) SNL,TS,CC)BG)AP)B

READ1) FQ)TE)BX)FH)XA)WF

READ1) WN)UYpUZ)EZ)PU)VV

READ1) PV)HD

FSI=2.0,_GC*PN*F

FS2=2.0*FSI

M=O

IF(M-I)151,152,178

RM=RE*O.O00001

GO TO 153

RM=RE*(T3+234.5)*O.O00OO000396

AA=(FSI/RM)**O.5*DD*0.32

AB=(FS2/RM)**O.5*DD*O.32

IF(AA-2.5) 160,160,161

Vl=1.O-.O.15*AA+O.3*AA*AA

GO TO 162

VI=AA

IF(AB-2oS) 163,163)164
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163

164

165

166

167

168

169

170

171

172

173

174

175

V 2= 1.0-0.15*AB4'O. 3*AB*AB

GO TO 165

V2=AB

IF(H-B) 167,166,167

VC=O.75/V1

GO TO 169

IF(DD) 166,168,166

VC=H/(3. O*B*V 1 )

VS=HD/WO+VT+VC

VG=TB/(CC*GC)

Q1=1.0-( 1.0/( ( (BO*O. 5 IGC)**2. O+ 1.0)**0.5) )

QZ:BO/TS

Q2=1.05*S t N (QZ-2.844)

t F (qz-0.37) 170,170,171

Q3=o.46

GO TO 172

Q3-O. 23_"S IN( IO. 46 _QZ-2.1 )+0.23

Q4=S IN(6. 283*TB/TS-I. 571 )+I .0

qS-'S IN( 12.566*TB/TS- 1.571)+1 .O

IF(DO) 174.,174,173

AB-O. 78 5*DD*DD

GO TO 175

AB=H*B

W2=P X*B N*SB*RM*I. 246/AB

W3 = (Q2/(2. OwVS+ (VG/Q4)) )**2.O*V I

WS= (0.3/ (2. O*VS+ (VG/Q5 )) )*'2. O'V2

WD= (T S*B G*Q I*CC )*'2. O'W2 * (W3 +W5 )

M=M+I
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176

177

178

179

181

182

183

• ,o

t F (M-l) 176,176,177

WU=WD

GO TO 150

UA-O. O

M=I

IF(M-I) 181,181,182

PW-PU

FW=FK

WW=WU

GO TO 183

PW=PV

FW-FR

WW-WD

PR (M)"F I(M) *F I (M) *FW

P S (M) =PW*UA*UA

G (M)= (GF*UA) **2. O+ 1.0

DL (M)=G (M)*WW

PP (M):G (M)*WN

EX (M):EZ*PS (M)

ST (M)=( 2.0*(0, OO 27*XA*UA )** I.8+I .O )*WT

SP (M)=PP (M) +DL (M) +PR (M) +PS (M) +EX(M) +ST (M)+WF+WQ

VA(M)=VV*UA

P (M)=SP (M)+VA(M)

PM(M) =,(SP (M)/P (M))* 100.0

E (M)-,IOOoO-PM(M)

M,,I+M

! F (H.-3) 184, 18.5,186

12,t
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185

186

187

188

189

190

191

UA= I. 0

GO TO 179

UA=I .5

GO TO 183

IF (M-5) 187,188,189

UA=2.0 ,

GO TO 183

UA=POL

GO TO

PR INT4,

PR I NTb, p

PRINT4.p

PR I NT4p

PR I NT4j

PR I NT4p

PR INT4_

PR !NT4p

PR INT4,

PR INT4,

PR I NT4.

PR I NT4

PR I NT4

IF(SNL

PUNCH1

pUNCH1

PAUSE

END

183

PR(1),PR(2),PR(3),PR(4),PR(5)

WF_WFpWFpWF_WF

ST(1),ST(2)_ST(3),ST(4),ST(5)

wq,wq,wq,wq,wq

PP(1),PP(2),PP(3),PP(4),PP(5)

OL(,),DL(2)

PS(|),PS(2)

EX(1),EX(2)

SP(1),SP(2)

VA(1),VA(2)

, P(1

,PM(1

, E(1

,DL(3),DL(4),DL(5)

,PS(3),PS(4),PS(5)

,EX(3),EX '_',_j,EX(5)

,SP(3),SP(4),SP(5)

,VA(3),VA(4),VA(5)

),P(2),P(3),P(4),P(5)

),PM(2),PM(3),PM(4),PM(5)

),E(2),E(3),E(4),E(5)

)191,191,190

,FH,TE,BX,UZ,UYpFQ

,AP,HFjHH_HS,EP
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D IHENS ION Q(3),R(58)

FORHAT (FI2oS•F 12.5,FI2.5•F12.5,F| 2.5,F12.5)

READ 1,

READ1,

READ 1 •

READ 1 •

READ1 •

READ 1 •

READ 1,

READ1

READ1 •

READ 1 •

READ1 •

READ1,

FH,TEpBX,UZ•UYpFQ

APpHFpHH•HS,EP

R(1),R(Z),R(3),R(_),R(S),R(6)

R(7)•R(8),R(9)•R(IO)•R(II),R(12)

R(13)•R(I_),R(IS)•R(16),R(17),R(18)

R(19)•R(20)•R(21)•R(22),R(23),R(2k)

R(25)•R(26)•R(27),R(28),R(29)

R(30),R(31)•R(32)•R(33),R(34),R(35)

R(36)•R(37),R(38),R(39),R(4O),R(41)

R(k2)•R(k3)•R(k4)•R(45),R(46),R(47)

R(I_8).R(49).R(50),R(51),R(52),R(53)

R(54).R(55).R(56)•R(57),R(58)

GO TO 231_

228 I F (BF-1/_0.O) 230,230• 229

229 IF(J-2)239•241,21_3

230 vQ=o.o

231 RH-R (L)

L-L+1

VL-VQ+5.0

RN-R(L)

I F (VL-BF) 232• 232• 233

232 VQ-VL

GO TO 231

233 Q(J)=(RN--RH)*(BF-VQ)/5.0+RM

GO TO (236,237,238),J



234 UB=O. 7

235 UB=UB+O. 1

V= 1,73 2*E P_'_UB

FG=FH*UB

TD=TE*UB

BC=BX*UB

J=l

L=I

BF=BC

GO TO 228

236 AT=UZ*Q(J)

L=I

J=2

BF=TD

GO TO 228

237 FT=Q(J)*HS

SA=FT+AT

UX=(FG+SA)*UY

TF=FQ*UB+UX

PD=TF/AP

J=3

L=30

BF=PD

GO TO 228

238 FA=(HF+HH)*Q(J)

FN=SA+FA

246 FORMAT (F 12.5,F 12.5,F12.5,FI 2.5, F12.5, F 12.51/)

PRINT1 pVpFGpTD,FT, BC_,AT



pR INT246, SA,UX,TFp PDp FApFN

IF(UB-1.6) 235,245,245

239 PRINT 240

240 FORNAT(23H CORE DENSITY SATURATED)

GO TO 245

24! PR!NT 2h.2

242 FORMAT(24H TOOTH DENSITY SATURATED)

GO TO 245

243 PRINT 244

244 FORHAT(23H POLE DENSITY SATURATED)

245 PAUSE

END
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TWO COIL LUNDELL

(BECKY-ROBINSON TYPE)
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60 KVA 

TVO COIL LUNDELL 

(BECKY -ROBIHSON TYPE 1 
ROTOR 



LUNDELL GENERATOR
SALIENT POLE SYNCHRONOUS DESIGN SHEET

..... L

STATOR

u

Punching I.D.

Punch |nt O.D.

Core Length

DBSx 2

Slots

Size Slots

Carter _oeff.

Type VdE.

Throw

Skew & Dl•t. Fact,

Chord Fact.

Cond. Per Slot

Total Eff. Cond.

Cond. Size

Cond. Ares

Curre_ Dens!t T i

Wdl. Canal. CI

Total Flux

Gap Area ....

Gap Density

Pole Const.

Flux Per Po|e

Tooth Pitch ....

Tooth Density

Core Density

Grade O( _Ton

1/2 Mean Turn,

Res, Per Ph. At _

Zddy Fact, Top

L_ddy Fec, t. Bottom ....

Deq U. Fee t • Cm Cq

Amp. Cond, Per In.m

React. Factor

Cond. Pets.

Knd Perm.

Leakage React

Air Gap Perm__

React. Of Arm. Xsd Xaq

Wt. Of Copper

Wt. Of Iron .,, n

, , ,u, , ,

J.31

ROTOR

Single Gap

Rotor Diameter

Peripheral Speed

_e

Pole Pitch

Pole Ares

u7

Grade Of Iron

e,(

Nn. Damper Bars

Bar Slee

Bet PI tch_hn______bo _

Turns Per Pole

Cond. Size ,.,

Cond Area.

Moan Turn ......
t

ires. At,,i o
i

Wt. Of Copper

Vt. Of ;ran

S Load

Ampe. __

Volts I
=i

Asps/In ,__ ,

Field Leak. React.

Field Self Induct._

Des_p. Leak. _ XDq ....i' m "

RIACT,-TIME CONST.
mn n i i nl u iJ

Synch. Xd Xq

Unsat. Trans.

Sat. Trans

Subtrans. X'd , , , X_

Neg. Seuuence ....

Zero Sequence

Open Circ. Time Con,

Arm, Time Con.,

Trans. Time Con.

II

Subtrens. Time Con.
i,

SATUR ATION

Air Gap A.T.

Stmtor A.T.

Pole A.T.

No Load A.T.

Rated Load A.T.

Over load A.T

Short Circ. A.T.

_hort Circ. Ratio_

LOSSES-EFFICIENCY

Load

FLW_

Ste. Teeth

eta. Core

Po!a Face i
IDa rope r [ _o

Sta. I2R

Eddy

Rot. 12R ,_ I,

3" Losses ,.

Re t lnil

Rt K • +Los s_

_; Los s__

_ff.

Stator Watts/In 2

Rotor Wa t ts/In.. 2

,,',;,

i

E .W .O. Mode I No. Type Cooling

KVA

Designed By

S l_r Volts Asps. _ l_. _Cyc lea

D ate ..........

RI_



STATOR

PUNCHING I. D. --(d) The inside diameter of the stator punchings.

PUNCHING O. D. --(D) The outside diameter of the stator punchings.

CORE LENGTH--_) The overall length of the stator iron. Also record

on this line the solid core le_ (_-_. The solid length is the over-

all length times the stacking factor (Ki). The stacking factor allows

for the coating on the ptmchings, the burrs due to slotting, and the

deviations in flatness. Approximate values of Kt are given in the

table below.

THICKNESS OF

LAMINATIONS K.
(INCHES) GAGE I

• 014 29 0.92

• 018 26 0.93
• 025 24 0.95
.028 23 0.97
.063 -- 0.98
• 125 -- 0.99

If ventilating ducts are used their length must be subtracted from the

overall length also.

DEPTH BELOW SLOTS x 2--(2h_ The depth of the stator core below the

slots times 2.

2h c = D--(d+2hs)

Due to mechanical strength reasons hc should never be less than 70%

of hs.



SLOTS--(Q) The number of stator slots. Write Q as a product of poles

_)) times phases (m) times slots per phase per pole (q). Thus pmq =

Q. In general fractions of q close to 1/3 and 2/3 should be avoided,

because these fractions are inclined toward producing force poles that

cause excessive noise and vibration. In three phase machines frac-

tions of q with thirds or any multiple of three in the denominator

should be avoided because with these values a balanced winding can-

not _ obtained.

133

SIZE SLOTS--(b s andh s)

the stator slot (hs).

The width of the stator slot COs) and the depth of

CARTER COEFFICIENT--(K s) The Carter coefficient for the stator slots.

_s(5g+bs )

_s(5g+bs)-bs 2

(for open slots)

K
s

_s(4.44g+. 75b o)

_S(4.44g+. 75b0)-bo 2

TYPE WINDING-- Record whether star or deRa (Y orA ), and whether se-

ries or parallel.

THROW--(y) The coil span in slots. Record the percent span (y/mq) and

designate the slots in which the coil is placed (1 + y).

SKEW AND DISTRIBUTION FACTORS--(Ksk and K_ The skew factor (Ks_

is the ratio of the voltage induced in the coils to the voltage that

sould be induced if there was no skew.



!! i̧ '

OR Ksk --

sin

TskTr

134

The distribution factor (K_ is the ratio of the voltage induced in the

coils to the voltage that would be induced if the winding was concen-

trated in a single slot

q sinOCs/2
(for integral slot machines)

sin(N o(m/2)

Kd = N sinoCm/2 (for fractional slot machines)

See table 2 for a compilation of distribu-

tion factors for the various harmonics. See "Grouping of Fractional

QI^_ Wh'idh-igs" and "Distribution Factor" sections of the APF_.NDIX

for an explanation of Kd for fractional slot machines.

CHORD FACTOR--(Kp) The ratio of the voltage induced in the coil to the

voltage that would be induced in a full pitched coil.

See Table 1

pitch factors for the various harmonics.

for a compilation of the
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CONDUCTORS PER SLOT--(ns) The ax:tual number of conductors per slot.

For random wound slots use a space factor of 80% to 85_ when deter-

mining the permtssable number.

TOTAL EFFECTIVE CONDUCTORS--(n_ The actual number of effecUve

series conductors in the stator winding taking into account the chord

and skew factors but not allowing for the distribution factor.

ne=
CONDUCTOR SIZE-- Record the number of strands making up each conduc-

tor and their bare and insulated sizes. Indicate also the type of strand

insulation.

CONDUCTOR AREA--(ac) The actual area of the conductor taking into ac-

count the corner radius on square and rectangular wire. See the fol-

lowing table for typical valnes of corner radii.

Thickness

• 889 & up
i

•ese -. 4aO

• 438 -. 226

• 225 -. 166

• 165 - . 126

• 125 - .073

a c = (width of cond.)x(thtckness of cond.) - . 858rc2

Corner Radii

.751& Up

3/16

1/8

3/39-

1/i6
1/16

Rounded

edge

Rounded

edge

Rounded

edge

Width
i

• 187-. 750 Up to. 188

3/16 --

3/3_. --

1/16 --

3/64
1/32

I

1/39- 1/64

Rounded 1/64

edge
i

Rounded Rounded¸¸

edge¸¸

Corner
2

• 858r
C

1/64 .00021

• 000841/32

3/64

1/16
3/32

1/8
3/16

.00189

.00335

.00754

.0134

.0302
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Square wire. 072 and under has a radius of. 012. A rounded edge is

produced by rolling round wire to the specified size.

CURRENT DEI_ITY--(s) The amperes per square inch of conductor.

s=Iph
Cac

WINDING CONSTANT--(C_ The ratio of the RMS line voltage for a full

pitched winding to that which would be introduced in all the conductors

in series if the density were uniform and equal to the maximum value.

EClKd

Cw ='_Eph m

Assuming K d = . 955, C w = . 225 C 1 for three phase delta machines

and C w = . 390C I for three phase star ones. C 1 is the ratio of the

maximum fundamental of the field form to the actual maximum of the

field form. For pole heads _..._ _v-m_°_ Lh_ one ra_u_ _h_,,_.,_-,,_^IA form

is determined from a flux plot of the air gap flux at no load, neglecting

saturation, and C 1 is then obtained by Fourier analysis. For pole heads

with only one radius, C 1 is obtained from curve #4. The graphical flux

plotting method of determining C 1 is explained in the section titled

"Derivations."

TOTAL FLUX--(_ The total flux that would exist in the gap if the density

was uniform and equal to the maximum gap density.
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GAP AREA-- The area of the gap surface at the stator bore = T_'d_

GAP DENSITY--(B_ The maximum flux density in the air gap.

POLE CONSTANT--(Cp) The ratio of the average to the maximum value of

the field form. For pole heads with more than one radius Cp is calcu-

lated from the same field form that was used to determine CI, and this

method is described in the second part of the manual. For pole heads

with only one radius Cp is obtained from curve #4. Note the correction

factor at the top of the curve.

FLUX PER POLE--(_p)

P

The totalflux per pole.

1

TOOTH PITCH--(T s and Ts _ ) The stator slot pitch on the inside stator bore,

and the stator slot pitch at a distance a third of the way up the tooth.

_'d

Ts ---  1/3 - 7[(d+l hS)Q

TOOTH DENSITY--(Bt) The flax density in the stator tooth at 1/3 of the

distance from the minimum section.

%
Q_sbt 1/3

where b t 1/3 = _s 1/3 - bs



CORE DENSITY--(Bc)

B c= 2hc_ s

J

The flux density in the stator core, without adding

the stator to rotor leakage flux.
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GRADE OF IRON-- Alloy identification and lamination thickness of stator .

iron.

1/2 MEAN TURN--(_ The average length of one conductor.

_t = _+LE

where L E = the end extension length

For random wound coils

K t 7/'y(d+hs)

L E = .5+ Q

where K t = constant depending on the number of poles

K1 = 1.3 for 2 poles; 1.5 for 4 poles; and 1.7 for 6 poles and
up

For formed coils

h(T,
L E = 2 _e2 + 7/' + db_ + Yhte _ f

where d b = diameter of bender pin "/

is obtained from the

hte = diagram as shown

-_ e2 = straight part of the

coll extension beyond

the core
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The resistance per phase calcu-

lated at the expected coil temperature.

nsQ_tR1000 2 352_)X°C nsQ_t
Rph- 12000c2m x,. , --'Pma C 2

C

where 10 = resistivity at X°C = . 91 x 10 -6 100°C

R!000 = resistance per 1000 ft. of conductor at _25°C

X°C = expected coil temperature in °C
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EDDY FACTOR TOP-- The eddy factor of the top coll. Calculate this value

at the expected operating temperature of the machine.

EFTOp = 1 + 584 \ 16/_/J1000 Lbs ' j

where -v.
=jO x 10 6

Nst = number of strands per conductor in depth

hst = distance between centerline of strands in depth

hst = height of untnsulated strand

EDDY FACTOR BOTTOM-- The eddy factor of the bottom coil at the ex-

pected operating temperature of the machine. Use same equation as

E.F. top except use . 0833 in place of . 584.

DEMAGNETIZING FACTOR--(C M and Cq) The ratio of the field ampere

turns to the maximum sine wave stator ampere turns required to force
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the same fundamental flux across the gap. The demagnetizing factor

in the direct axis is

CM -

and the cross magnetizing factor in the quadrature axis is

Cq=

1/2cos-_ +aC .Tf'- s_ OC ,'tr

The above factors can be read directly from curve #9 and calculation

by the above formulas is thus unnecessary.

AMPERE CONDUCTORS PER INCH--(A) The effective ampere conductors

per. inch of stator periphery. This factor indicates the "specific load-

Lug,' of the machine. Its value will increase with the rating and size

of the machine and also will increase with the number of poles. It

wtlldecrease with increases in voltage or frequency. A is generally

higher in single phase machines than in polyphase ones.

Ct s

/4O

REACTANCE FACTOR- - (X) The reactance factor is the quantity by which

the specific permeance must be multiplied to give percent reactance

It ts the percent reactance for unit specific permeance, or the per-

cent of normal voltage induced by a fundamental flux per pole per inch

numerically equal to the fundamental armature ampere turns at rated

current. Specific permeance is defined as the average flux per pole

per inch of core length produced by unit ampere turns per pole.

100AK d
T=

f2 ClBg
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of the stator current that is embedded in the iron. This permeance

depends upon the configuration of the slot.

(a) For open slots.

_i-- Cxm-'q ÷_+_ ÷ _ ] bt :t_widthatgap

Co) For partially closed slots with constant slot vrldth.

×_: Cx_ +b_b_+_ +_ +_-_ +t--;--j
(c) For partially closed slots with constant tooth width.

• mqLbo+_ bl +b_ _2 +_ +_ +-_J
(d) For round slots.

Xi : Cx_-_ "_ ÷

(e) For open slots with a winding of one conductor per slot.

20 [___ hl ___g_x_=Cx_ +N+._+_+

1

(_ =i)

In all of the above formulas C X is a reduction factor that is dependent

upon the pitch and distribution of the winding.

CX = p_d whereKx =ll_q+l)i°r3phase
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Values of CX versus percent pitch for three phase Windings _e plotted

on Graph #1. These values assume a distribution factor of. 955. See

Graph #I.

END WINDING PEHMEANCE--(_E) The specific permeance for the end

extension portion of the stator winding.

= 6.28 [_ELE]

AE _'--_ddL--r6-JKS

(Obtain the value of _ELE from Graph #I

Calculated valve of LE

KE = Value of L E from Graph #1
(for machines of d > 8'9

KE =
Calculated value of L E

Value of L E from Graph #1
(formachines of d < 8'9

LEAKAGE REACTANCE--(X-_) The leakage reactance of the stator for

steady state conditions

x£ :_i ÷ As)

In the case of two phase machines a component due to beR lealmge

must be included in the stator lealmge reactance. This component is

due to the harmonics caused by the concentration of the MMF into a

small number of phase belts per pole and is negligible for three phase

machines.

- z

x_ --x(_ i+ Az + AB) where A _ = 0 for 3 phase machines.
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Am GAPPEm_,_CE--(_,a)

6.38d

The specific permeance of the air gap.

REACTANCE OF ARMATURE REACTION--Pa d and Xa_ The "flctRuous

reactance" due to armature reaction. In the direct axis

Xad = X )_ aC1C M

and in the quadrature axis

Xaq = X Cq )_ a

WEIGHT OF COPPER-- The weight in lbs. of the stator copper.

# --. 321%_c _t

WEIGHT OF IRON-- The weight in lbs. of the stator iron.

# .238 Ebtm_ shs+ _/_(D-hc)hC _s_
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ROTOR
,

> - 144.

SINGLE GAP--(g) The single air gap.

(ge)inch

ge = Ksg

Also record the effective air gap

AUXILIARY GAP, OUTER--_)inches

g2 = Obtain length from design layout



.... AUXILIARY GAP, INNER--(g3) inches
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g3 = O_ length from design layout.

STEPPED GAP (g.)
TAPERED GA_ (e$)

FORM #2

ROTOR INAMETER--(d r) The outside diameter of the rotor.

dr = d-2g

PERIPHERAL SPEED--(V r)

minute.

The velocity of the rotor surface in feet per

7rd RPM

Vr r= 12
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POLE PITCH--(t)

stator.

The pole pitch measured at the inside diameter of the

145

Also record the ratio of the pole arc to the pole pitch• (_).

b h
b h = Average pole head width under

stator stack

For pole configuration below

,_ m -- Per unit pole embrace (pole middle)

e = Per unit pole embrace (pole end)

s

l__e tur/2 __l-.C_ _m tpr NP

F - -_ -_a. _etpr

_m tpr/2 _\_r

tpr = U'dr

_m + _'e = _
2



NORTH _POLE AREA.,-(aN]p)
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The effecUve cross sectional area of the pole.

Values of Ki are obtained from chart in Stator Section.

For solid iron Kt = 1.0

SOUTH POLE AREA--(as]p) The effective cross sectional area of the south

pole at the entry edge of the stator.

asp - bsptsp
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2
• ... "

GRADE OF IRON--Alloy of rotor tr_ and lazainatton thtckneas ]f_ laminations

are used.

TURNS PER COIL--(Nc) The number of field turns per coil.

CONDUCTOR SIZE--The bare and insulated sizes of the field conductors.

Also indicate the type of insulation.

CONDUCTOR AREA--(acr) The actual area of the conductor taking into

account the corner radius. See stator area of conductor for typical

corner radii values.



The flux circuit of the two-coil Lundell generator looks like this.

149

Frotor Fgap Fstator

F ,

COIL "_" Frotor Fgap Fstator

The rotor flux circuit is:



VIEW OF BOTH NORTH-,POLE AND SOUTH-POLE FLUX CIRCUITS

SHOI, I_NQ THE MMF DROPS IN THE TWO-COIL LUNDELL BRUSH-
LESS &C GEN_ATOR

149 a

_w.- l j

t

I-- tL"J 11_4'1 _" ' i

' i
! I
, 1



And for the entire machine, the flux circuit looks like this.

150

MMF

COIL

FsK FSK FSp Fg F T

\

Fy3 Fg3 Fy4 FNp Fg F T

Flux Circuit for 2-Coil LundeU A-C Generator

NOTE: The machine could be represented by showing two identical flux cir-

cuits in the south pole, from and including FSp to and including Fy 4.

Instead the calculations are adjusted to fit the single circuit.
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The _ permeances in the flux circuit are:

POLE HEAD END LEAKAGE

,_ Area 3.19 (_tSp) (P)
P1 -- Z - £1

POLE HEAD SIDE LEAKAGE (P2)

s._9(&r+-_P_ (P)
P2 = _ Area =

POLE BODY END LEAKAGE (P3)

P3 = ._
Area

(dr - dos)-_- tsp

POLE BODY SIDE LEAKAGE

P4 =

_' Area
3.19 F(dr -lids - t S --"J

_-J-T

For six poles and up.

r os

2 " tSp

For four pole generators only.
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COIL LRA_&GE PERMEANCE TO A NORTH POLE (P_

_Are_ 3.19% (l6)_-(2P)
P5 = ._ -

Obtain _c from layout.

P5 = Total leakage permeance for path 5 on both ends of the rotor

COIL LEAKAGE PERMEANCE TO A SOUTH POLE (P6)

77"
_xArea 3.19 _c °c(dr - 2tsp) p (P)

P6 = _ = _6
e

= Total leakage permeance for path 6 on both ends of the rotor

-dos)__6 =_ dr 2 tSP

STATOR CORE TO ROTOR SKIRT, flux leakage permeance path (P7)

xxArea

PT-

hc +_$K in 2
Area ffi 7/(d r+h c) 2

The leakage is from 1/2 the stator end surface on each side of the stator,

making the total leakage surface calculated above.

However - 1/2 of the leakage flux is useful and generates voltage in the

stator conductors. So for tooth density, pole density and air-gap flux

calculations the leakage flux area is
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+ +_
+,

Area =
2

h
C

Length= _-._-inches

h = stator height from bore to back-iron surface, inches

+._,_ <d.+,,)_c+]+s,,,:>
h 2

77" c
-9-

= 3.19 (d+h) (hc+ _SK)

2h
C



+ _+ .o+,,+-++mc++mT_..+ ++.
++ . .....++-+_+++ ,_Cs+,_+,.'

"' ,l I/Ill I _ //..;"/.I"/////]

/

t/
• /

3.19 (_1 P + _1 ) tSp (P)

__ 12 _ oFsPoLE
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P2 t_

I..,1 i

bNp

PI

BETWEEN POLES

OF N POLE

BETWEEN POLES



/

dos d r

4

ROTOR ROTATIONAL

3.19It, % - %1,)1,
P3 - "g3
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P2

Fy3 Fg3 Fy4 FNp
F

g F T
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P 2

/

TWELVE (12) POLE ALTERNATOR

sm.=_= --2--



. ,ii_

=

/ p . \1/

/ L" I I / 1 /,

, 1
dr 2 dos tsp

FOUR (4) POLE ALTERNATOR

P

/

158

", &
2

/
/

EIGHT (8) POLE ALTERNATOR
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r

l Fg2 FS K
FS P

Fy3 Fg3 Fy4 FNp

F
g

F
g

FTEETH

LEAKAGE FCORE

FLUX

FTEETH
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___J\

-.2

h
P

!

I
2 (2P)3.19 bp (£?6) _

/ c

v

P5

COIL
MMF

LEAKAGE

Fy3 Fg3 Fy4 FNp Fg F T
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FLUX LEAKAGE ACROSS FIELD COILS

__ COIL (

Fy3 Fg3

FSp Fg F T

LEAKAGE

FLUX

y4 NP g F T

_ FCORE

P6 =
-/6

3.19 "_c _ (dr - 2tsp) _"



Leakage Fluxes _5 and _6

(Leakage across the field coil _6'

and through the field coil _5 )

Y2

Ay 2 -

ty 2

dos

1

do s = diameter of outer shaft

Ay 2 = area of yoke at smallest section

Ay2 - do,ty2

The leakage flux ¢)5 and _6 add to the flux in

the yoke member Y2 but of the two leakage

fluxes, only _5 adds to the flux crossing ai_

gap g3"



LEAKAGE FLUX FROM STATOR

BACK-IRON TO ROTOR SKIRT- PATH 7

/

I T
F

I

h
C

l [ /L__

3.19 (d + hc) (h c + _SK )
1>7 =

2hc

ROTOR
L

¢7 LEAKAGE FC
_IL F.

Fy 2 Fg 3 Fy 1 FNp Fg F T



NO LOAD SATURATION
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1.05 _T = Estimated total flux including flux leakage from
stator to rotor skirt - path 7.

1.05 CT

A
g

= Estimated air gap density at no load.

I. 05 0 T

A T
= Estimated tooth density at no load.

= Estimated core density

MMF drop through main air-gap = Fg

Bg from above est. (_
Fg = 3.19

MMF drop through teeth at tooth density est. above = F T

MMF drop through core at core density est. above

Total MMF drop across flux leakage path from stator core to

rotor skirt (Path 7) = Fg + F T + F C-

The drop across the south pole is negligible at no load and not

likely to be large at any load. For this reason it is ignored.

Leakage flux through leakage path seven. Leakage from stator

back-iron to rotor skirt = _7

0 7 = MMF 7 (P7) ffi (Fg+F T+F C) p7
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Compare _7 with estims£ed value

Estimated _7 -- _P (" 05) P

repeat calculations using

= ± . 10 or less, proceed. •If greater than. i0

_7 + l_p (_T)

p_p -_g = Bg

(¢_7+ P_P) CT

P_p A T = B T

Obtain new {b7

Calculate leakage fluxes 1, 2, 3, 4

Pole to pole leakage fluxes are

¢1' ¢2' ¢3' ¢4

_1,2,3,4 = (2Fg+2F T+F C)(P1 +P2 +P3 +P4 )

_1-4 + _7

_p + p

BNp: = north-pole flux density

_1-4 + _7

Cp + p

BSp = 2Asp
= south-pole (tube) flux density

FNp = MMF drop corresponding to BNp



Fsp = MMF drop correspondi_ to Bsp

Flux density in auxiliary air-gap = Bg_

_p + P + _1-4 + _7

e_ = _ gag 2

MMF drop across auxiliary alr-gap = Fg 2

Fg 2 =_

Ay 4 = -_ = Area Shaft (In2)

MMFy 4 = Fy 4

Flux density in shaft = By 4

Cp÷P +¢1-4÷_7
By 4 =

= H_y 4 where H is the AT/In. at By 4
for shaft steel.

\
L
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Flux density in 2nd auxiliary air gap = Bg 3

Bg 3 =

_p x P + _1-4 + _7

2Ag 3

MMF drop across 2nd auxiliary air-gap ffi Fg 3

Fg3 lg3

Leakage flux from north pole (spider pole) through the field coil ffi 0 5

_5 (first calculation = EFg2 + Fsp + (2F_ + 2FT + FC+ FN_

Calculate new MMF drop in NP

P5

_1-4 + _7 + 05
_p + p

BNp = ANp

MMFNp = (Hat BNp ) Hp

New Bg 3 = Ag 3

_p x P + _1-4 + _7 + _5

NeWFg 3 _Lg 3

Leakage flux across field coils from inner yoke to south-pole tube = _6

_6 " _Fsp +2Fg+2F T+ F C+FNP

Add _6 to flux in yoke and tube.

+ Fgl + Fg3_ P6
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Calculate flux density in the tube at the inboard edge of the auxiliary air

gap g2 to be sure that the tube is not saturating at that point.

Final Bg 2 =

(_p x t,) +¢i.4+ ¢7+Cs

Ag2

ri. l Bg2
Final Fg 2 = 3.!9

Fy 2 =

_bp xP +¢i_4+_7+ ¢6+¢5

'2Ay2

Ay2_ = 7Fdos _t2 = Smallest section of the yoke as shown in

figure

Total ampere turns drop at no load is

FNL ffi 2Fg+F T+ F C+FNP+FSP+ Fg 2+ Fy 2+ Fy 3+Fg 3 + Fy4

O
O
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REACTANCES AND TIME CONSTANTS

Xad -- The fictitious reactance due to armature reaction in
the direct axis.

_gn I _ t
e ph,-m d

Xad = 1) (2Fg + Fg 2 + Fg3)
x 100

ffi The fictitious reactance due to armature reaction in
Xaq the quadrature axis.

Xaq Cq Xad x 100
= Cm 1

SYNCHRONOUS REACTANCE--(X d and Xq) The steady state short circuit

reactance. In the direct axis

•xa xl * Xad

and in the quadrature axis

xq--xt+x 

When current is suddenly applied to a generator stator (a step load) there is

no flux lh_age with the field winding during the first instant, and during that

first instant all flux due to the armature mmf is forced through the field coil

leakage paths.

The inductance of the field coil leakage paths in the direct axis is L d

and the reactance is

! t

X d = 2_f L d

! !

Since X d includes stator leakage reactance, X d can be written as

! !

Xdu = X F + X L = The unsaturated transient reactance.
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Xq
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_L_--)

O
O

X d

\--k_

0
0
0
0.,,..
0

0
0
0

,

m

/

I
, !

I

X d

//L_ _ '

FIELDS/-----_8

SHORT
CIRCUITED

/

g2
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f !

X d is usually considered to be about 88% to 90_ of Xdu and the

lower value is called the saturated transient reactance. It is

the value found by testing at rated voltage.

THE EFFECTIVE FIELD LEAKAGE REACTANCE (XF). The reactance

which added to the stator leakage reactance gives the transient reactance
!

Xdu"

When -Lmit f Luldamen_i armature ampere turns are suddenly applied on

the direct axis, an initial field current (If) will be induced. The value of

this initial field current will be just enough to make the net flux inter-

linking the field because of the field current and the armature current

zero. The field ampere turns will equal the armature ampere turns.

Ci 2 2_.__

_
, p Cp Pg %

X F = X _ _TPe(g-e_e)

ge

f !

Xdu = X F + X i

ge = ge 2Fg

where Fg, Fg2, Fg 3 are calculated at rated load.

Fg = Ampere turns drop across single main air gap (ge)

Fg 2 = Ampere turns drop across the outer auxiliary gap (g2)

Fg 3 -- Ampere turns drop across the inner auxiliary gap (g3)

Pe ____2 @ NL
= If N c "_ NL
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t

uNSATURATED TRANSIENT REACTANCE---_du )- The transient rezctm_ce

due to the field winding assuming unsaturated conditions.

!

Xdu = X_ + X F

!

SATURATED TRANSIENT REACTANCE -- (X_ The transient reactance due

to the field winding assuming normally satarated conditions.

! t

X d = . 88 Xdu

NUMBER OF DAMPER BARS -- (nb) The number of damper bars per pole.

BAR SIZE --The size of the damper bars.

BAR PITCH -- (t b) The damper bar pitch.

centerlines of adjacent damper

bars. Also indicate the height

of the slot opening above the

damper bar OZbo) and the width

of this ope  g 0 oo)"

This is the distance between the

J
hbo

DAMPER LEAKAGE REACTANCE -- _'T)d and XDq ) The leakage reactance

of the damper winding. In the direct axis the dimensions corresponding

to the end bar next to the pole tip are used.

For rectangular square damper bars



6.38_,_ 3-_ + "
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.Apt = 6.38 n

- 2tp J_J _b + _bt +_F

;
bbl

In the quadrature axis the dimensions corresponding to the bar in the

center of the pole is used.

For rectangular square bars

For round damper bars use the constant 0.62 in place of hbl/3bbl in

the above formulas.

ff f!

SUBTRANSIENT REACTANCE -- (X d and Xq)

to the damper winding. In the direct axis

f!

X d = X_ + XDd

and in the quadrature axis

ff

Xq = X_ + XDq

The subtransient reactance due
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If_the __dt_ Twit hr._,,_ _ lt_/

tt f

X d = X d

If !

Xq = Xq

NEGATIVE SEQUENCE REACTANCE -- 0[2) The reactance presented to

negative sequence currents in the stator of the generator.

When negative sequence currents are applied to the stator winding they

produce a backward rotating mmf traveling at synchronous speed with

respect to the stator and at twice synchronous speed with respect to the

rotor.

Currents of twice rated frequency are induced in the pole head winding

or in the solid pole head, _ keeping the flux linkages of the pole circuits

at almost zero value. The flux due to the armature current is forced

into the damper or pole head winding leakage paths. These paths are

the same as for the subtransient reactances.

where

L 2 = Armature flux linkages per ampere when negative sequence

currents are flowing. This includes the stator leakage in-

duct_mce also.

t! tt

or the average between the quadra-

ture and direct axis subtransient

reactances.
I!

equal to X d

It is approximately

or to XDd + X_

t!

XDd = Direct axis damper leakage
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_ g_QTr_n_P__. R_.A_TANCE -- _ The reactance presented to the

flux field which rotates at synchronous speed in a direction opposite to

that of the rotor.

where

Xm E45. + 4_.2+ n2_

X2 = 2 2 +X_
n + 4 (1 +,_)'

XD
In

Xad 12Fg + Fg 2 + Fg3 /X m = _lCm .... FN L

X D = X_ (.62+ +---_
For round slots

X[-20 hbl _________)-]5Xm For rectangular slots

n -_ w

X m

R D = Damper resistance

APPROXIMATE CALCULATION OF NEGATIVE SEQUENCE IMPEDANCE

R 2 + j X 2 = T"2 = Negative sequence impedance - %

2Rv
R2 ffi 2 )2 + Rsn +4 (1+_
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X2 - n2+ 4(1+_ )2 + X_

i

R D = damper resistance

RD= lOOXpf_(9xlO 6) _tl_b - P+

L_
• 637 dd_ jadr p2' %

P = poles

= resistivity of bar and end ring materials (. 692 x 10 -6 for
copper at 77 F)

f = frequency

= stack length

_b = active bar length

ab = bar cross section (in. 2)

ddr = mean diameter of damper end ring

adr = cross section of damper end ring

n ffiRD/Xm

Xad _ 2Fg + Fg2 + Fg3_

/

= XD/X m

For round slots

X D =X + +6--_

For rectangular slots
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R s ffi stator winding resistance - %

X_ = stator leakage reactance - %

ZERO SEQUENCE REACTANCE -- (Xo) The reactance drop across any one

phase (star connected) for unit current in each of the phases. The machine

must be star connected for otherwise no zero sequence current can flow

and the term then has no significance.

XofXI-- _ (/x i + ABo ) +
20 (h I + 2h3) E_12mq pK_dbs + .2

KX° (. 07/_a)
ABW 0 ffi

for machines with damper windings

/_Bo

_k _ +Bo /kBWo

(ABo) (/_BWo)

and for machines without damper windings

and ¸

'%Bo = '_BWo

3y
Kxo- - 2

KX = 3___+1_ forpitchesof 66-2/3%to 100%

KX = _2m'q3y 1_ for pitches of 33-1/3% to 66-2/3%
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t
Z

for a one conductor per slot winding

KXo = KX =1

W

OPEN CIRCUIT TIME CONSTANT -- (Tdo) The time constant of the field

winding with the stator open circuited and with negligible external re-

sistance and inductance in the field circuit.

, L F

Td° = _FF second

t

TRANSIENT TIME CONSTANT -- (T d) The time constant of the transient

reactance component of the alternating wave.

, X d ,

T d = _ Tdo

ARMATURE TIME CONSTANT -- (T a) The time constant of the DC compouent.

X2

T a = _ seconds

ra = Sta_

tt

SUBTRANSIENT TIME CONSTANT--(T d) The time constant of the sub-

transient component of the alternating wave. This value has been deter-

mined empirically from tests on large machines and

tt

T d = . 035 second at 60 cycles.

ft

T d = . 005 second at 400 cycles.



LOAD SATURATION- FULL LOAD
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ENL -'-Eph + IR

y'-Tan'1 0+Xql
t_ CosO -J

= Angle between output current and _d (see figure

0 = Power factor angle - Cos -1 EP. F._

E = _- 0 = angle between terminal volts and _d (see figure

ed = Cos _+X dSin

= Voltage that would be generated at no load and no satura-

tion - the air-gap voltage behind the synchronous reactance.

FgL1 = e d FgNL

- Air-gap ampere turns under load if there were no stator

leakage flux from the core to the rotor skirt.

FeN L = Air-gap ampere turns at no load without the stator leakage

flux from the core to the rotor skirt.

FTL 1 = FTN L(I+P.F.)

= First approximation of the teeth ampere turn drop at full

load.

FCL = FCN L approximately because the core to rotor leakage flux

does not increase the core density. The stator tooth to

tooth leakage flux approximately off-sets the theoretical

increase in core flux under load.
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First approximation M the _vaka_ _l_-irmn the

back-iron to the rotor skirt.

_7-I g

Fg L = FgLI +

= Total air-flap ampere turns at full load.

_7-1

_T_.I--%L÷

= Theoretical total flux at full load. First approximation

_TL

BTL - AT

= Tooth density at full load above the north pole.

FTL = _T HBTL (1 + P. F.)

HBT L = Ampere turns drop/inch corresponding to a tooth density

of BTL

_TL ffi PTLFgLT +FTL+ FC -]

ffi Theoretical total flux at F.L. second approximation.
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_1, 2, 3, 4 = (PI + P2 + P3 + P4 ) (2FgL + 2FTL + FC)

= Leakage flux from pole to pole in the rotor.

_PL = 1.10 _bpN LforCos0 = >.90

CPNL = Flu_pole _ at NL voltage = V + 1R

_PL _1234

¢SP-FL = _ +

= Flux in south pole

ASp = Area of south pole entry section. Section at edge of

stator stack.

_SP-FL

BSP.F L = ASp

= Flux density in S.P. at full load

FSP.F L ffiHSP_F L _P

ffi Ampere turns drop through S.P. at FL

= Flux in north pole without leakage flux _5

ANp ffi Area of north pole (in. 2) at base



_NP,FL

B P-FL-I --
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ffi First approximation of north pole flux density at

full load

FNp.FL. I = HNP.F L P

= Ampere turns drop in north pole - first approximation

P6 = Leakage permeance across field coil from rotor shaft outer

diameter to the inner surface of the rotor skirt

_6 = P6EFsP_FL + FNP_FL + 2Fg+ 2FT+ FCJ

= Leakage flow across field coil

2
ASK = _(d r - tSK) tSKin

ffi Area of skirt at entry edge of auxiliary air-gap g2

_6

¢SK-FL ffi {_SP-FL ) _ + ¢7 +

BSK-FL
ASK

= Flux density in the rotor skirt at full load

FSK.F L = HSK.FL _SK

This should be an insignificant ampere turn drop.

The calculation of BSK_F L is in the program for a

check on a possible bottle-neck
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....... I84

= Permeance of leakage flux _th from north pole fl_0ughthe

field coil to the yoke Y2

_SK-FL

Bg2_FL = Ag 2

(Bg2-FL)
Fg2-FL ffi 3_ !9 _g

Ftlux density in auxiliary air gap

full load

= Ampere turn drop across auxiliary air gap at full load

_5 = P5 EFNP-FL + 2Fg-FL + 2 FT_FL + F C + FSP.F L + Fg2_FL _

= Leakage flux through field coil from north pole to yoke Y2

_y2-FL = _SK-FL

By2'FL = y2

_5
+--

2

Where Ay 2 is smallest cross-section (at base of yoke

section)

HY2-FL _y2
Fy2-FL = 3

.
Ampere turn drop in the yoke section Y2" This MMF

value should be insignificant and the calculation is here

to call attention to a possible saturation point.

If the yoke section is made straight, of uniform thick-

thickness, all of the ampere turn drop will be in the

lower one-half of the yoke.
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By3_FL =

S t - ty 2_y2-FL ....

st
A

¥

= Flux density in the stationary yoke section Y3 at the

entry to the auxiliary air-gap g3

Fy3_FL = Hy3_FL (S t - _2)

H y3-FL = Ampere turns drop/inch for material at flux density

By3-FL
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Fg3_FL = _ (g3)

= Ampere turns drop across auxiliary air-gap g3 at
full load

By4-FL
_ (_y2-FL)

Ay4

ffi Flux density in shaft at entry to north poles

BNP_F L -
2 (_y2_FL)

= Flux density in north pole at base

FNP-FL
HNP_F L hp

2

FFL = E2Fg + 2F T + F C + FSp

+ Fg 3 + Fg4_

+ FNp + FSK + Fg 2 + Fy2+ Fy 3



•LOAD SATURATION AT •5, I.5_ 2.0 PER-UNIT LOAD
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ENL = Eph + IR (P.U. load)

= tan_lLsin 8 + Xq (P. U. load) _
cos 8

_d ffi cos 6 + X d (P. U. load) sin _/

0pL

1.10 if cos O >.90

is the increase in pole flux required because of

distortion of the wave form and resultant decrease

inC 1

_PNL is value calculated at NL voltage = V + IR

STATOR TOOTH LOSS -- (WTNL, WTFL, WTO L) The no load loss (WTNL)

consists of eddy current and hysteresis losses in the iron. For a given

frequency the no load tooth loss will vary as the square of the flux density.

WTN L = . 453 (tsl/3 - b s) Q_shsKQ watts

K = Watts/lb loss at 77.4 kl/in 2 density.

Steel Manual

Take from U.S.S.
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The stator tooth loss under load (WTF L & WTOL) is increased because

of the parasitic fluxes caused by the ripple due to the rotor damper bar

slot openings.

WTFL = _ (.27Xd)1"8 + 1_ WTNL; (X d in per unit)

For WTO L use X d corresponding to the overload condition.

STATOR CORE LOSSES -- (WC) The stator core losses are due to eddy cur-

rents and hysteresis and do not change under load conditions. For a given

frequency the core loss will vary as the square of the flux density.

W C = 1.42 (D-hc) hc_sKQ

KQ = Watts per pound loss from U.S.S. Electrical Steel Sheets

Manual at a density of B C .

POLE FACE LOSSES--(WPNL, WpFL, Wpo L) The pole surface losses are

due to the slot ripple caused by the stator slots. They depend upon the

width of the stator slot opening, the air gap, and the stator slot ripple

frequency. The no load pole face loss (WpNL) is calculated from Graph

#2. K 1 = 7.0 for solid pole faces. Graph #2 is plotted on the basis of

open slots and thus B s on the curve equals b° for partially closed ones.

The pole face loss under load (WpFL, WpOL) is calculated as

WpFL L_ " CFg _/ + WpNL

Ksc is obtained from Graph #3.

For WPO L use Iph corresponding to the overload phase current.



L .
DAMPER--(WDNL, WDFL' --_JL _ The ioas proddcedby the slot ripple in

the damper winding. At no load this loss is calculated from curves #7

and #8. The _l_r loss under load _V'DFL, and WILL) for l_lyplm_,e

machines is calculated as

189

•

WDF L\ oFg

Ksc is obtained from Graph #3.

For WDO L use Iph corresponding to the overload phase current.

STATOR I2R -- The copper loss based on the DC resistance of the winding.

Calculate for the maximum expected operating temperature.

I2R = m 12
ph Rph

EDDY -- The stator I2R loss due to skin effect.

Eddy Loss =E_ Eddy Factor Top+ Eddy Factor Bottom _-1_ Stator I2R2

ROTOR I2R -- The copper loss in the field winding.

I2R = 12 Rf

SUM OF THE LOSSES -- The total losses at the various loads.

RATING -- The kilowatt rating of the generator.

RATING + LOSS -- The sum of the total losses and the KW rating.

PERCENT LOSS -- The total loss divided by the rating plus total loss.
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PERCENT EFFICIENCY -- (I00_ - % loss).

STATOR WATTS/SQ. IN. -- The stator watts loss per sq. in. of stator peri-

phery.

Watts/in 2 Stator (Tooth Loss + Core Loss + I2R + Eddy Loss)
ffi 7/D,_

ROTOR WATTS/SQ. IN. -- The rotor watts loss per sq. in. of rotor periphery.

Watts/in 2 Pole Face Loss + Damper Loss + Rotor I2R

= TFdr _p

c.-



POLE-FACE LOSSES IN SOLID POLE GENERATORS
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IN BRIEF

Pole-face losses in solid rotor generators can limit the rotational speed, the

output, or both. The following article discusses the, calculation of, and the

design limits imposed by the pole face losses.

GENERAL STATEMENT

Paradoxically, the solid rotor machine is proposed for high speeds and high

air-gap flux densities when it cannot operate at speeds or loadings comparable

to those of the laminated pole generators, without the penalty of high losses in

the solid pole faces.

A solid-pole Lundell generator that operates over a speed range Of two to one

may require de-rating at the maximum speed because of pole-face losses.

This de-rating is required because of the pole face losses under load - not the

no load losses.

When the wide speed range generator operates at its maximum speed, the gap

density is reduced and the reduction of losses due to the reduced flux density

is greater than the loss increase due to the increase in tooth ripple frequency.

The result at no load is a reduction in pole face losses. At full load though,

the same stator current flows and the armature mmf is the same as it was at

the lower speed.

Because of the doubled slot frequency, the pole face load losses at the top speed

will be of the order of 3 times as great as at the 1/2 speed condition. The actual

increase in pole face losses under load depends upon the slot opening, air gap

length, ampere loading, and gap density.

SOURCE OF THE FORMULAE

T. Spooner and I.F. Kinnaxd "Surface Iron Losses with Reference to Laminated



Materials" Trans. AIEE, Vol. 43, 1924, pp 262-281.
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The above reference points out that the following factors influence pole face

losses:

1. Air gap induction Bg

2. Field form C. b
S

3. Ratio of slot width to single air gap -_

4. Tooth frequency ft

*5. Tooth pitch"_'s or slot pitch

6. Resistivity of material _0)

7. Thickness of individual laminations t

8. Hysteresis Coefficient

9. Insulation between laminations

10. Effect of punching

We use different symbol than Spooner and Kinnard

In the equation -

Pole face losses = W S ffi K 1 K2 K3 K4 K 5 K6 (Bore area), the hysteresis co-

efficient is not used, the interlamination resistance is assumed high, no burrs

are assumed to be shorting the laminations and the effect of work-hardening

is assumed to be removed by annealing.

In the paper, Spooner and Kinnard summarize that as a rough approximation,

surface losses vary as:

lto2
b

(Bg)2, (ft)l. 5 _ (Ts) 1
' g

In the text of the paper, higher exponents are used and the constant K 1 is ad-

justed to give the required accuracy. The exponents used in the curves given

in the design manuals of this report are about 30% higher than the rough ap-

proximation given by Spooner and Kinnard, and account for interlaminated

currents caused by imperfect insulation.
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For this study, tests were made on solid-pole generators using 4130 pole steel.

Tests correlated within 5% of calculated losses when the constant K 1 = 7.0

was used. Load losses in the pole face are calculated just as for laminated

poles.

Note: If the rotor is not relieved at the leading and trailing edges of the pole,

the losses will be higher than those calculated with K 1 = 7.0. Such a condition

•might exist when 316 steel or Inconel X is welded between poles and the weld-

ment is cylindrical. In such cases, the armature reaction flux causes high

losses in the interpolar area. This discussion and calculation assumes that

best conditions exist.

NO-LOAD POLE FACE LOSSES

The pole face losses are a function of the stator bore area, and when the stator

tooth pitch is constant, the losses are a function of the rotor diameter. They

are also functions of the gap density and under load they are functions of the

stator loading. Since the RPM determines the tooth ripple frequency, the P. F.

losses are a function of the RPM.

The flux density and speed of a specific, solid pole generator, are limited by

the amount of heat that can be dissipated from the surface of the poles so with-

out considering the output of the generator, the effect of slot pitch and air gap

density on pole face losses can be observed, while the generator operates at

no-load.

With a specified air gap density and specified slot pitch, the pole face losses

can be made high enough to cause the machine to fail and this can happen with-

out load being applied. It can happen to a laminated pole or to a solid pole

generator•

The no load pole face losses in a solid pole generator are of the order of six

(6) times as great, for the same stator design, as those in the pole faces of a
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laminated rotor. For this reason only the design limits for the solid pole gen-

erators are investigated here.

b

No load pole face losses are = fn (Bg, g, IT, _s' C1) where

Bg = air gap density, Kitolines/in 2

b s = slot opening, inches

g = air gap length, inches

ft ffi tooth ripple, cycles/sec

Ts = tooth pitch on stator, inches

C 1 = fundamental of field form (a ratio)

For most of the following discussion, the following values are assumed fixed:

b
S

--=2.0
g

Clffi 1.0

Since _s = "3, now the number of teeth is a function of d.

No. Teeth ffi

_'d RPM
ft - .-'_ "

PFL at NL ffi K 1 K 2 K 3 K 4 K 5 K 6 (Bore Area)

K 1 = 7.0

K 2 ffi fn (B_ - . 8 for 45 Kilolines/in 2 gap density



K4 - •175

b

K5 = fn (,_) = I. 45

K6 - _n (c 1) - .2_

PFL at NL = (7.0). 8 (K3) (. 175) 1.45 (. 22) (Bore Area)

= . 313 K3 (Area) for Bg - 45 Kilolines/in 2

ffi . 235 K3 (Area) for Bg = 40 FAlolines/in 2

= . 11 K3 (Area) for Bg = 30 KfloLines/in 2

Rotor
Dia.
In.

4

ft

t!

tf

tf

6

tf

t!

tf

t!

= . 039K 3 (Area) for Bg = 20 K_olines/in 2

r

No-Load Pole Face Loss in Watt/in2 _ = . 3
S

RPM

2,000

4, 000

8, 000

12,000

24, 000

48, 000

2,000

4, 000

8, 000

12, 000

24, 000

48, 000

Bg= 45

.72

2.28

7.2

14.1

44

128

1.4

4.4

14

27

86

272

Bg = 40

.54

1.7

5.4

10.6

33

96

1.05

3.3

10.5

20.2

64.5

2O4

Bg = 30 Bg = 20

.25

.8

2.5

4.9

15.4

45

. O9

.284

.9

1.76

5.5

16

• 49

1.54

4.9

9.5

30

95

.17

• 55

1.75

3.37

10.7

34
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DISSIPATING THE POLE FACE LOSSES

If the pole face losses are to be dissipated to gas similar to air or if the ma-

chine is force ventilated with air, the best coefficient that could be expected is

0.10 watts/in 2 of surface/°C rise above the air. See curve from Luke and

curve from A.D. Moore.

If 25 watts/in 2 is to be dissipated from the rotor surface, the temperature rise
25

of the rotor surface in this case will be .-_ = 250°C above the cooling air or

gas. Similarly, if 50 waLLs/in 2 must be dissipated, then the temperature rise

of the rotor will be 500°C above the cooling air.

If room temperature cooling air can be used in sufficient quantity, 40 watts/in 2

might possibly be dissipated from the generator rotor surface, if a heat trans-

fer coefficient of . 10 w/in2/°C can be obtained, the rotor temperature will be

approximately 800°F or 425°C.

A cooling coefficient more likely to be obtained is . 08 watts/in2/°C and this

value has been used on curve to show probable rotor temperatures associ-

• ated with various no'load pole face loss levels.

EFFECT OF REDUCING GAP DENSITY

If a high-speed generator is designed and the PF losses are too great at say

45 kiloltnes/in 2 air gap density, reducing the flux density will reduce the pole-

face, no-load losses by the ratio of gap densities raised to the power 2.5. The

factor for gap density is K2.

Bg K2

20 .10

25 .18

30 .28

40 .6

45 .8
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" EFFECT OF VARYING SLOT PITCH
u ,,

When the slot pitch is varied, the pole face loss varies as the slot ripple fre-

quency variation raised to the 1.65 power and varies as the tooth pitch variation

raised to the 1.26 power. The no-load pole-face loss will decrease as the tooth

or slot pitch is increased.

The net change in the loss as the slot pitch increases is approximately (ratio

of slots)l. 65 (ratio of slot pitches) 1" 26.

In the tabulation for diameter = 4.0", Bg = 40 K1/in 2,

12000, the NLPFL = I0.6 watts/in 2 of stator bore.

= .3", RPM =
S

if the slot pitch is increased to. 6", the NLPFL will be reduced to 8.1 watts/

in 2 of stator bore area.

EFFECT OF SLOT OPENING

Completely closing the slots can have only limited effect in reducing pole face

losses since the bridge closing the slot must saturate before the machine can

operate. The saturated bridge represents an effective opening in the slot and

the ratio bs is some definite value. In considering the effect of closing the slot
g bs

with a bridge, a smaller effective opening can be assumed such as __ = 1.0.
g

The pole face loss at no load varies approximately as the ratio

.3 1.3

So, by reducing the slot opening to 1/2 its original width, the no-load losses

can be reduced to about 1/2.4 of the initial no-load value. This applies to the

no load losses only and the pole-face losses under load may be much higher

because of the reduced slot opening. Load losses in the pole-face are a function

of the stator loading and of the slot opening to air gap ratio (bs/g). This can be

expressed as a function of bs/g and a function of (Xad) 2.



LOAD LOSSES IN THE POLE FACE .....

Under load, the pole face losses are increased. This increase is due to the

armature mmf wave and resulting flux wave which has a saw tooth shape.

The higher the current loading in the stator, the more pronounced the saw

tooth shape of the flux wave becomes when the machine is fully loaded. This

effect is a function of the ratio -

series conductors/slot x Iph Ksc _ 2
no load air gap ampere turns _J (NLPFL)

b
s The smaller the

where Ksc is a modifying factor describing the effect of --_.

opening, the sharper the step or saw-tooth in the armature reaction flux wave.

E.I. Pollard treated the pole face load losses in his paper "Load Losses in

Salient Pole Synchronous Machines", AIEE Trans., Vol. 54, 1935, pp 1332-

1340. His work shows that if the slot opening to air gap ratio is made too small,

the result may be an increase in total pole face losses. See curve

In the rotor sizes 4.0" dia. to 8.0" dia., an air gap length of. 030" is reason-

able to assume. If the following values are assumed:

ampere loading -- 900 ampere wires per inch of stator bore periphery,

bs/g = 2.0, Bg -- 40 K1/in 2, then the air gap ampere turns are about 400 and

from curve

PF load losses ffi cIph N_ 2. G-X-T-J NLPFL

1.4 (270)_ 2
= 400 _J

NLPFL

PF Load Losses = . 91 x no load PF losses

where N = conductors/slot
S

Iph N s = 900 x. 3 = ampere wire loading x slot pitch
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AGAT --400 = _ _drop aem _ air gap

Ksc = loss factor from curve
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The pole-face load losses are added to the no-load pole-face losses.

When the air gap density is decreased, the ampere turns drop across the air

gap decreased in direct proportion and the pole-face load losses increase as

the square of the change in gap densiW. For example, We factor jnst calcu-

lated above for a 40 K1/in 2 gap density was . 91 (NLPFL). When the gap density

in the same machine is reduced to 30 K1/in 2 but the ampere loading is main-

mined at 900 AW/in 2, the loss eqn. becomes -

PFLL =

or PFLL =

1.42 (270)_ 2300 _J NLPFL = 1.63 (NLPFL)

2

(_) (. 91) NLPFL = 1.63 (NLPFL)

We have already discussed how the reduction of the air gap flux density re-

duces the pole face no load loss per square inch of stator bore area by

Bg2 2.5 and in the case of a reduction from 40 K1/in2 to 30 Kl/in 2 the re-

duction in NLPFL is (_) - . 488.

2

The full load PFL increased by (4)

from 1.0 to 1.78 (. 488) =

or 1.78 so the total load loss was reduced

• 87 a reduction of 13%.

SLOTTING THE ROTOR TO REDUCE THE POLE-FACE LOSSES

Figure 1 shows graphically what happens when a solid pole-face is slotted to

reduce pole face losses, when the slot approximates 50% of the pole surface.

Assuming that the air gap flux density is unity, the initial pole face density at

its surface was also unity.



215

When the rotor was slotted to the extent that 50°_ of the surface was remove¢_

the density in 1/2 the remaining surface or 1/4 of the initial surface became

1.74 times the initial value or 1.74 per unit. The surface density in the re-

maining 1/4 of the initial surface increased to 2 times the surface density or

2.0 per unit. The average increase in total pole face losses based upon the

increase in gap density at the surface of the pole is 2.4 times. However, the

increased air gap density in the region of the pole surface reduces the effect

of the slot ripple and tends to reduce the load losses. These effects can nearly

enough offset the effect of grooving to make the pole face losses about the same

with or without grooving.

Experiments made in support of this study showed insignificant results when

the rotor was grooved approximately with. 020-. 03 wide grooves, and only 5(_

of the initial surface was left.

Figure shows the results obtainable when the rotor grooving is about 10 to

12 % of the surface area. This amount of grooving does not change the rotor

surface flux density a significant amount. To realize a satisfactory reduction

in pole face losses, the lands formed by the grooving should be thin; . 020"

width is a good maximum for 400 cps generators.

To satisfy the requirement for lamination-thickness lands, and only 12% loss of

surface, the grooves should be only about. 0025" wide and the requirement for

such an extremely narrow slot imposes a difficult manufacturing problem.

Some methods that can be used to cut the narrow grooves are: diamond sawing

with narrow saw or wire, electric-discharge machining with small diameter

wire used as electrodes, and electron-beam machining.
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USING SYNCHRONOUS GENERATORS AS MOTORS

INTRODUCTION

When an electric power generator is driven from a turbine in a nuclear

reactor energy conversion loop, the motoring characteristics of the

generator are an important consideration in the system design.

All of the nuclear reactors that are to be used in Space (The SNAP

Systems) are to be started after they are in orbit or after they are

outside the earth's atmosphere. This is planned to reduce the danger

of atmosphere contamination in case of a launch failure. To start

the reactor, or to make it go critical, the controls operate to allow

the fuel assembly emission to increase and, at the same time, the

coolant or working fluid is circulated to prevent the fuel assembly

from overheating.

In a BraYton Cycle Conversion system, the power output turbine can be

used to circulatethe coolant gas or working fluid through the fuel

assembly until thegas is heated and the cycle is self-sustaining.

An alternate start-up method for Brayton Cycle systems uses the release

of bottled gas to introduce the working fluid into the piping and, at

the same time, force the gas through the reactor where the gas is

heated. In this way, the cycle is started and it becomes self

sustaining. This second method must work perfectly and the reactor

must heat up the first time because there is no second try.

In contrast, the turbine used as a pump can circulate the gas and

allow the reactor to heat up slowly if necessary. Using the

generator as a motor allows margin in the start up procedure. The

margin increases the reliability of the system.



INTRODUCTION - Continued

In Rankine Cycle systems that use two liquids, one pump may be on

the generator shaft or both pumps may be on the generator shaft.

In either case, the generator must be operated as a motor to

circulate the working fluids and prevent the fuel assembly from

overheating during the start-up period.

An alternate start-up method for Rankine Cycle systems can use

pumps that by-pass the turbine-generator shaft-driven pumps. This

complicates the system and tends to reduce the reliability.

In either Brayton Cycle systems or Rankine Cycle systems, the

motoring characteristics of the generator are of great interest.
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USING SYNCHRONOUS GENERATORS AS MOTORS

21s

IN BRIEF

Synchronous generators can be started as induction motors and operated as

synchronous motors. The following discussion explains motor operation of

the two types of synchronous generators; wound-pole and solid-rotor.

DISCUSSION

General

The rotating electrical generator converts mechanical energy to electrical

energy. Electric motors convert electrical energy to mechanical energy.

There is no basic difference in the two classes of machines as one machine

can be designed to operate reversibly - as a motor or as a generator.

If the synchronous generator is used as a motor, it can operate either as a

synchronous motor or as an induction motor. An induction generator can be

motored only as an induction motor. The two modes of electrical motor oper-

at.ion are, then, synchronous and induction.

When the synchronous generator operates as a synchronous motor, it can be

brought into synchronism by starting it as an induction motor until its speed

is near synchronism and then applying field current to the d-c fields to ac-

celerate the rotor to synchronous speed. It can also be started in synchro-

nism by slowly varying the voltage and frequency from a low voltage level and

low frequency to the rated values. This latter method is called a full synchro-

nous start and throughout this kind of start, the synchronous motor can pro-

duce rated torque at rated current. Since the full synchronous start requires

special supply equipment, it is not often used.

A salient-pole wound-field synchronous generator can be, and usually is, made

with a pole face winding that is essentially an induction motor cage winding.

This winding is called an amortisseur or damper winding. Its primary purpose
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in a generator is to damp out rotor oscillations and negative sequence flux

waves• The same cage winding is well suited for induction motor operation

and can sometimes be made as a double cage winding for higher starting

torque combined with low slip.

The synchronous motor with the damper winding (or squirrel cage pole face

winding) can have about the same speed-torque characteristics as an induc-

tion motor. The important difference is that the cage winding is much smaller

th_,_,_. ,_ _r,n_lw1.,v,,._..._.,,,_,__ft h'_ mntn_ w_ _ nn_-m_l inchlr, tinn mntn_ m.nd................thp. npe.r_ting

cycle must be short because of the small cage bars. Large synchronous mo-

tors are frequently limited to two successive starts after which a cooling

period of about 30 minutes must be allowed before another start is attempted.

This is in contrast to the continuous full-load operation of a normal induction

Speed-Torque Characteristic of Salient-Pole Machine

The speed-torque characteristics of a 30 KVA salient-pole, synchronous gen-

erator operating as an induction motor is shown in Curve 1. This generator

shows cusps in the speed torque curve that can be removed by skewing the

stator one slot pitch.

Per-Unit Base

The speed-torque curves in this discussion are plotted on a per-unit scale

with the generator nameplate kilowatt rating used as the 1.0 P.U. base. The

30 KVA, . 75 PF machine tested has a KW rating of 22.4 KW.

(84300) (22.5)
1.0 P.U. torque is then T = 6000 ffi 316 in. lb.

84300 (Kilowatts)
Torque in inch pounds = RPM

Such a base is meaningful. A machine designed for low power-factor loads

has lower reactances than a machine designed for the same output at a high

power factor. The per unit torque of a low reactance motor is higher than

that of a high reactance motor.
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Induction Motor Characteristics

The starting and speed-torque characteristics of an induction motor can be

varied over a wide range by changing the resistance of the rotor winding.

Wound-rotor induction motors are made with insulated polyphase rotor wind-

ings. These windings connect to slip rings on the shaft and variable external

resistance can be added to the rotor windings. By varying these resistances,

the maximum torque point on the speed-torque curve can be varied from zero
\

lated, wound, pole face windings connected through slip rings to external

starting resistances. Such motors are special and seldom used.

When the rotor resistance of an induction motor is changed, the speed torque

characteristics curve does not change in shape. The maximum torque point

and all other points shift to a new slip point. The change is proportional to the

change in resistance. If the resistance of the rotor is doubled, all of the points

of the speed-torque curve shift to new slip values twice that of the original.

Curve 2 illustrates this change.

The characteristic curve shown for rotor resistance R = 1 is approximately

that of a normal low-slip motor. The characteristic curve shown for R = 4

is for a high slip motor and could represent a torque motor.

A motor designed to give high torque against a load driving it in the reverse

direction might have the characteristic shown for R = 8.

If a synchronous motor having a cage winding is to start under load and syn-

chronize, it may be required to have high starting torque and low slip. A low

slip motor will produce its maximum torque at 95% to 98% of synchronous

speed.

To pull into synchronism, a synchronous motor must be operating at 95%

speed or more when the field current is applied. The torque resulting from

the attraction between the moving stator flux wave and the flux from the wound
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rotor pole must be sufficient to accelerate the rotor from the 95% speed to

synchronous speed in one (1) revolution. If the slip is too great, (the speed

too low) at the time field current is applied in an attempt to synchronize, the

rotor will slip poles, the speed will decrease and the starting attempt must be

discontinued before the rotor overheats. To have high starting torque, the

damper or cage winding should have high resistance and the maximum speed

as an induction motor may be well below 95% of synchronous speed, so that

the machine cannot be synchronized. To obtain the combination of high start-

ing torque and low slip, a double cage winding can be used in larger machines.

The high slip frequency at standstill and the high reactance of the combination

cage winding forces the rotor current into the top winding which has high re-

sistance. At lower slip frequencies, the rotor current flows in the bottom

cage winding also and the winding then has low resistance. This double cage

winding was invented and first used by Dolivo Dobrowolsky in 1889.

Solid-Rotor Machines

If a synchronous machine has a solid pole face, a damper circuit is difficult

to install and its effect is not pronounced. The characteristics of a solid-pole,

Lundell generator starting at no-load, rated voltage, are shown on Curve 3.

The starting characteristics of the solid rotor are shown with and without a

copper cage winding. Both rotors pulled into synchronism quickly (i. e., with-

out hesitation or any evidence of marginal operation) without field excitation.

The test curves show that the copper cage does increase torque near synchro-

nism.

The solid rotor synchronous motor is usually impossible to synchronize under

load and some designs cannot be relied upon to synchronize at no load unless

special steps are taken. Such special steps may be operating at a frequency

higher than rated during the start so that the terminal speed of the rotor is

above rated synchronous speed, then reducing the frequency of the supply cur-

rent faster than the rotor speed can drop. The rotor will then easily synchro-

nize with the supply.
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Another procedure that can sometimes be resorted to is to use a small induc-

tion motor having a higher synchronous speed and mounted on the same shaft

as the large machine. The small machine will assist the large machine

enough to drive it up to synchronous speed. Starting motors are sometimes

used on large synchronous condensers where normal starting currents in the

large machine would cause a severe voltage dip on the utility distribution sys-

tem.

Some of the brushless generators have rotors that can easily be laminated

and some do not. If the rotor speed is not too great, the homopolar inductor

generator can have laminated rotors and also cage windings. The Lundell

generators are difficult to make with laminated rotor poles. The heteropolar

inductor cannot have a cage winding at all and we do not know how to use it as

a motor. The cascade machine has its cage winding on the rotor for motor

operation and on the d-c poles ior generator operation.

Of the synchronous generators, the solid rotor machines can operate longest

as induction motors. The losses in the solid rotor are not concentrated in

small bars but are distributed well over the entire rotor surface. The heat

transfer is fast and the entire rotor stores the heat. The laminated rotor with

a small cage winding has its losses concentrated in the bars and heat transfer

from the bars to the steel laminations is poor.
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Continuous Operation

When some significant load is to be carried by a synchronous machine for any

appreciable time such as 20 HP motor load on a 20 KVA generator, the ma-

chine must be in synchronism - both to carry the load and to survive for more

than a few minutes (of the order of 5 minutes).

If the load and speed are both reduced enough, the generator can operate con-

Unuously as an induction motor because the rotor has some continuous load

capability as an induction motor.
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Rotating Rectifier Machine

The wound-pole synchronous generators with rotating rectifiers on or in the

shaft have a special s_ problem that usually prevents their being con-

sidered for motor duty.

When a wound-pole synchronous machine is started as a motor, the fields are

shorted through-a starling resistance that can be zero or some finite value.

if the fields are open, the induced voltage in the field is dangerous to the field

i,_l;]_tin, _urv_ 4 _hnw_ the field voltage c_ _ ._n wvA, r_nnn rnm wn,,,a-

pole synchronous generator during a motor start. The fields were open cir-

cuited during one start and shorted through a 15 ohm resistor during another

start. The resulting curves demonstrate that the maximum current induced

was 12-1/2 amperes and that the induced voltage on open circuit was 1800

•lrnl'i-_ D1LT._ at ei'_rlrlcrl-ill anti 3NI_ .iTnli-e I:_ILT._ _÷ QI_OL _n,',ar]

When rectifiers are used in the excitation supply circuit, they block on one

half cycle so that the resistance presented by them is, for practical purposes,

infinite. Since obtainable rectifiers cannot withstand 2000 (+) volts or even

650 (+) volts in the reverse direction, the fields must still be shorted during

the start cycle and then energized to pull the machine into synchronism.

To short the fields during the start, three methods that have been tried are:

1. Short the fields by using slip rings, brushes, and a

relay. Open the relay at end of induction motor start.

2.

o

Use a centrifugal switch that shorts the fields at stand-

still and opens them at 90% or more or synchronous

speed.

Use controlled diodes with the rectifier bridge and

apply them in such a way that they short the motor

field automatically during the start cycle.

Stationary coil, brushless machines do not have a comparable starting problem.
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THE PHYSICAL ]XMENSIONS OF

LUNDELL-TYPE GENERATORS

IN _EF

For a given Lundell generator type having a given rotor diameter there is an

optimum stator length and if the stator is made longer than the optimum length,

the output of the machine will decrease.

The useful flux of any LundeU generator must pass through the rotor shaft.

The flux-carrying capability of the shaft limits the maximum output obtain-

able from any given rotor diameter.
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DISCUSSION

There are two arbitrary types of Lundell radial-gap generators. One type has

a coil and magnetic shaft between the two sets of poles and the flux circuit is

completed through the shaft into one set of poles, into the stator and out again

into the other set of poles and back into the shaft section between the pole

carrying flux plates. This is the type of generator used for automotive service

and an adaptation of this type has a parasitic air-gap allowing it to be brush-

less. This general type of Lundell generator cannot practically have a shaft

cross section of more than 20% of the stator bore cross section area, because

of the area taken up by the poles themselves and the exciting coils.

The Lundell generators that have their flux circuits completed outboard of the

pole structures can have larger magnetic sections bringing the pole flux into

the pole pieces. Two of these generators are the two-coil Becky-Robinson

machine and the German Lundell which completes its flux circuit in a yoke

outside of the stator.

TWO-COIL LUNDELL (BECKY-ROBINSON)

In the Becky-Robinson Lundell generator, the combined shaft and rotor skirt

area that can be allowed for carrying flux in or out of the rotor is approximately
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30% of the total cross section area of the stator bore. This value can be con-

sidered a maximum because of the area that must be left for excitation coils.
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At Bg = 40 K1/in. 2

and Leakage flux = 40% of total rotor flux

Pole embrace = . 5 and Cp = . 5

The total shaft flux entering the rotor from the two ends combined is equal to

the flux in the shaft on one end plus the flux in the skirt on one end.

Shaft flux at 100 kl/in 2 density = "3 _d 2
4 (100)

.3 _'d 2
Total useful flux reaching stator - 4 (100). 6

Hypothetical total air gap flux at 40 K1/in 2

9.

Hypothetic_ total air gap flux - ' 3 _d-
4 "

gap density = 7Tdl

60. 0

Cp

(40)

: 3 d%0 9.d 2
4 (.5)

7rd/(40) : 97T(d) 2

9
ffiT0-d = . 225d

On this basis, the KVA output of a two-coil Lundell generator of the Becky-

Rob  on type-

KVA Bg d21 _M) A 40 (. 225d 3) RPM A

If A = 900 is accepted as a maximum load on the stator -

KVA: 40 :
106

9d 3 RPM

106

%
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and, d =
3 KVA (106)

9 (RPM)

d

3

4

6

7

8

9

10

d3

27

64

125

216

343

512

729

lOs

9 d3 RPM

106

RPM

207

RPM

576

1125 RPM

1944 RPM
10 _

RPM

3087

RPM

4608

N

6561

N

9000

KVA at 10, 000 RPM

2.07

5.76

11.25

19.44

30.87

46.08

65.61

9O

OUTSIDE-COIL LUNDELL

The Lundeil generator having the coil or coils in the housing or yoke can be

made with slightly larger pole areas than those of the two coil Becky-Robinson

Lundells. In some cases, the total pole base area could be. 4 of the bore
9.

cross-section area or . 4 --_ (I00) at 100 kl/in 2 density in the iron. If the

leakage can be held to. 4 of the flux entering the pole, the useful flux crossing
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the air gap willbe =

_p across gap ffi .4 _ (.6) (100) = 6_Td 2

The hypothetical total flux in the air gap = _T
_P 6 7Td 2

- 12 7Td 2
Cp . _- =

_T also = _Tdl (40) for 40 Kl/in 2 gap density.

TT/d! (40) = 12 _d 2

= 12d 2 7T 12 d
7Td(40) = _ = "3d

KVA = Bg A d21 RPM

90 x 107

If the ampere loading is 900 ampere wires/inch and speed is 10, 000 rpm

KVAffi 40 (900). 3d 3 (104) = . 12d 3

90 x 107
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d .12d 3 = KVA at 10, 000 RPM

3

4

5

6

7

8

3.24

7.68

15

25.9

41.2

61.4

3.24

7.68

15

25.9

41.2

61.4
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AXIAL AIR GAP LONDELL GENERATORS

Axial air gap synchronous generators have definite design limits that allow the

prediction of generator output from stator O.D. and RPM.

Discussion

When the axial air gap machine is worked to defhlRe limits of current loading

and air gap density, simply specifying the speed and the KVA output determines

UU_:_ t.UaJ.U_LUJL" UL _ I_t_UJJ['_

To determine the size of a specific type of generator at different speeds and

ratings, a stator current loading limit and an air gap density limit should be

assumed. For the determination of the size of the axial gap generators, an

ampere loading of 900 ampere-conductors .ver inch of cLrc-mf_rence of the

stator has been used. This circumference is at the average diameter .=
OD + ID

2 . The gap density has been fixed at 40 K1/in 2. This density is the

actual maximum of the flux wave under each pole. The equations used assume

a sine wave of flux, or that the maximum fundamental of the pole flux wave is

equal to the actual maximum of the flux wave. For concentric poles (square

flux waves), this occurs at a pole embrace of 55%.

40 K1/in 2 gap density and 900 amp-conductors per inch are set as the design

limits,

The following discussion explains the derivation of the output equation used to

determine generator sizes.

The output of a three phase generator is KVA =
ILL ELL V3

103

The voltage is defined by -

_T (RPM) Cw Ne
ELL =

60 x 105

See derivation elsewhere in report.
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Where _T = Hypothetical total flux in air gap in KiloUnes,

ELL C 1 Kd

Cw = MEph " _- --" "39C1

m = No. of phases

maximum fundamental
C 1 = Ratio actual maximum

of the flux wave = 1.0 for sine wave

Ne = Total effective conductors in the machine

The basic voltage equation is substituted in the output equation.

_T RPM C w Ne I 1/_

KVA = ELL IL _ = 60 x I05v In3
,s. t.#

_T = BGap AGap and

A 7rD
I =- where

Ne

A = Ampere wire/inch loading of stator based on the average diameter
of stator

KVA =
Bg (_D_c) RPM (.39 C1) Ne _ A_D

60 x 10 8 Ne

KVA =
Bg 9.85 D 2 Pc RPM. 39 C 1 A I/3

60 x 10 8

2
Bg D _c RPM A

KVA = _ Basic eqn.
90x

For axial air gap machines

D = average diameter of stator

OD + ID
2
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For radial.air gap machines.

D = rotor diameter.

24O

To allow a general treatment of the axial air gap machine, the typical design

will be considered to have the following characteristics:

Stator OD = _ stator ID

Gap density = Bg = 40 Kl/in2

Ampere loading = A -- 900 Amp. Cond.
in.

C 1 = Field form factor = I.0 (assume sine wave)

Then,

Bg D 2 _c RPM A

KVA = avg
90 x 107

OD + 20D 5

Davg = 2 = _ OD

and,

25
KVA = 403--_ (OD) 2 _ (OD)

RPM (900) ,

90 x 107

4.63 (OD) 3 RPM
KVA =

10 6

Area of stator = . 437 (OD) 2

Total flux = 40 (Area of stator) =

_T

_p = approx. Pole-----sx .56

17.5 (OD) 2 KI.

¢) shaft = approx. _T x . 27
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9.

When the ID of the stator is fixed at _ OD, the diameter which divides the sta-
• 5

tor into two equal areas is. 85 OD. The average diameter is _ OD or. 835 OD

-- a 1.75% difference. This difference will be ignored and the average diameter,
5

OD will be used as the design diameter for all calculations.

For axial air gap generators

4.63

KVA = _ (OD) 3 RPM

OD

3

4

5

6

7

8

9

10

11

12

13

14

(OD) 3

27

64

125

216

343

512

730

103

1330

1728

2197

2744

• 125 (10 -3)

.296 (10 -3)

.58 (10 -3)

1.00 (10 -3)

1.59 (10 -3 )

2.37 (10 -3 )

3.38 (10 -3 )

4.63 (10 -3)

6.16 (10 -3)

8.o (lO-3)

10. 15 (10 -3 )

12.7 (10 -3 )

x 6000

.75

1.77

3.48

6.00

9.55

14.2

20.3

27.7

37.0

48.0

61.0

76.3

12000

1.5

3.5 

6.96

12.0

19.1

28.4

4O. 6

55.4

74.0

96.0

122.0

152.6
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KVA for RPM Shown

OD 6000 8000 10, 000 12,000 15, 000 20, 000 24, 000
i

3

4

5

6

7

8

9

10

11

12

13

14

.75

1.77

3.48

6.00

9.55

14.2

20.3

27.7

37.0

48.0

61.0

76.3

1.0 1.25

2.36 2.95

4.63 5.8

8.0 10.0

12.7 15.9

18.9 23.6

27.1 33.8

36.9 46.2

49.3 61.7

64.0 80.0

81.3 102.0

101.5 127.0

1.5

3.54

6.96

12.0 I

19.1

28.4

40.6

55.4

74.0

96.0

122.0

152.6

I ]

1.88

4.42

8.7

15.0 I

23.9

35.5

50.7

69.2

92.5

120.0

2.5

5.9

11.6

20.0

31.8

47.2

67.6

92.4

153.0

191.0

123.4

160.0

204.0

254.0

I 3.0

7.08

13.92

24.0

38.2

56.8

81.2

110.8

148.0

192.0

244.0

305.2

I

ESTIMATING THE COIL WEIGHT AND I2R LOSS

Based on 80% ratio of Field Copper Area for field coils and a current density
Total Coil Area

of 5000 amps/in 2, 4000 ampere turns would require one square inch of coil

cross section.

Assume a square copper coil in all cases then using the coil inner diameter; dc:

AT A4__0_WT = c + 4000 x .321 lbs. (1)

Where d = coil inner dia, inches
C

Here the weight of coil hangers and insi. is estimated at

20% of the total.



I2R
(z06)

Loss

Lb. Cu. _,In. J ._

Where jD = Coil resistivity in microhm inches

at 400°F and 5000 amps/in 2 in CU, use Wt. obtained in equation

(1)x. 8

I2R Loss 25 (1.17). 8 (WT Coil) 73 (WT.) Watts (2)
= .321 Gross =

@ 400°F (240°C)
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ROTOR STRESSES

The speed and rating obtainable from a generator are functions of allowable

rotor stresses.

The brushless generator rotors can be made into composite cylinders and

preliminary stress treatment can be on the basis of a cylinder of homogeneous

material.

Maximum stress in a homogeneous solid disk is -

1 R2Max. S r = MAX_tS*= _ (3 + v)

R = disk outside radius, inches

v = Poisson's Ratio =

¥= de,_i_LB/in3 =

• 26 for steel (general approximation)

• 283 for steel _ N = Rev/_

(2 r_)2 N 2 (3.26) R 2
S = _ 386.4 (3600)

3.26 N 2 R 2
"lo- -

A more realistic condition usually is represented by a cylinder with a hole in

the center.
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The maximum stress in a homogeneous circular disk or a cylinder with a small

hole in the center is:

Max 1 _ R 2 2St= _ _3+ v) + (1-v)R ° -_

R = disk outside radius, .inches

R o = disk inside radius, inches

If R o is small and insignificant

1 _W 2 (3+v) R 2
Max St = _ PSI

This equation gives, twice the stress calculated in a disk without a hole or -

6.52 N 2 R 2
St = 10--_
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